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ABSTRACT OF THE DISSERTATION

Contribution to the modeling and improvement of
the nanoscale multigate transistors: Application to
the nanoscale circuits design

By
Toufik BENDIB
Doctor of Science in Electronics
University of Hadj Lakhdaru, Batna, 2014

Professor Faycal DJEFFAL, Advisor

As bulk CMOS scaling is approaching the limit that is imposed by gate-tunneling leakage
current, dopant fluctuation, band-to-band tunneling, etc., multi-gate MOSFET is becom-
ing an intense subject of very large-scale integration (VLSI) research.Among a variety of
non-classical MOSFETs, multiple-gate (MG) MOSFETs which are still based on Si have
been proposed to scale down CMOS technology more aggressively because of better control
of short-channel effects (SCEs).

This dissertation focuses on the design optimization and modeling of these categories of
multiple-gate (MG) MOSFETs to improve device performances for nanoscale circuits de-
sign applications.

In this dissertation, we will first introduce the complete analytic models of drain current by
assuming gradual channel approzimation(GCA) to derive the Current-Voltage(I-V) char-
acteristic of short channel Double Gate (DG) MOSFET with intrinsic silicon body using
the effective electric field-charge density relationship. Thus, the mobility degradation effect



which mainly depend on the inversion charge distribution in the channel is incorporated
in the model at high electric field. Moreover, the developed models should be able, includ-
ing quantum effect (QE), to correctly represent the I-V characteristics of the nanoscale
DG MOSFET, and effectively capture the electrical behavior of the device due to process
variations. The proposed I-V model is continuously valid from the subthreshold to the
quasi-linear regime operation and up to a well-defined drain saturation voltage and agrees
with 2D Silvaco and nanoMOS2.5 numerical simulations. In addition, the proposed mod-
els have several advantages such as accuracy, simplicity and applicability for device with
a wide range of dimension.

This work used a new soft computing approach, multiobjective genetic algorithm(MOGA),
which allows investigation and simulation of the nanoscale (multigate) CMOS-based de-
vices. The effects of device design parameters like silicon channel thickness, gate oxide
thickness, and silicon channel length are studied and the output electrical parameters of
the device such as OFF-sate current and subthreshold swing factor, threshold voltage rool-
off, DIBL and small signal parameters are analyzed for a wide range of electrical and
geometrical parameters. The key idea of the proposed approach is to optimize the elec-
trical behavior of the DG MOSFET for subthreshold and saturation regime by satisfying
of the following objective functions: Minimization of the OFF-current state:IOFF, Mini-
mization of the subthreshold swing degradation coefficient, Minimization of the threshold
voltage roll-off, Maximization of the transconductance function and Minimization of the
output conductance function. The obtained results provide to the circuit designers several
optimal solutions to choose the one that suites best his analog and/or digital application.
The adopted designs can be exported to meet the targets for analog and digital applications
simultaneously.

This work also develops subthreshold models for nanoscale multiple-gate MOSFET based
on surface potential formalism. The analytical solutions of electrostatic potential and sub-
threshold current are validated by their agreement with 2D numerical simulation. These
models allow the subthreshold swing, OFF-state current and scaling length to be formulated

as objective functions, which are the pre-requisite of MOGA application.



This approach is applied to find optimal subthreshold parameters where superior electri-
cal performances in subthreshold regime are provided by the proposed devices and offers
ultra-low power consuming and high-speed commutation required for analog and digital
application respectively. Moreover, in this work we deal with a new structure of MG
transistors, which is the JLGAA MOSFET. This latter is considered as straightforward
designs to eliminate some technological limitations for nanoscale applications, such as

ultra-abrupt junctions, low cost fabrication.

Keywords: Nanoscale, Multigate, Quantum, Short channel, Analog, Digital, Optimiza-

tion, Modeling, Soft computing, Genetic algorithm.
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Résumé

Comme la réduction des dispositif CMOS approche la limite qui est imposé par le courant
de fuite de grille du a effet de tunnel, la variation du dopant et [’effet tunnel bande
a bande, etc..., MOSFET a grilles multiple devient un aze trés intense de recherche de
Uintégration a grande échelle (VLSI). Parmi une variété de MOSFET non-classiques,
MOSFET a grilles multiple (MG) a base de Si ont été proposées pour réduire agressive-
ment la technologie CMOS grice a un meilleur control des effets de canauz courts (SCEs).
Cette these est consacré a l'optimisation et la modélisation de ces catégories MOSFETs
a grilles multiple pour améliorer les performances des dispositifs pour la conception des
circuits a l’échelle nanométrique.

Dans cette these, en premier lieu, on va introduire le modéle analytique du courant de
drain en tenant en compte 'approximation du canal gradué (GCA) pour obtenir la car-
actéristique courant-tension (I-V) du transistor Double Gate (DG) MOSFET a canal court
pour le cas d’un substrat de silicium intrinséque. Ce modele utilise la relation entre le
champ électrique et la densité de charge et inclut effet de la dégradation de la mobilité,
qui dépends de la distribution de la charge dinversion, dans le modele pour les champs
électriques élevés. En outre, le modele développé devrait étres capable de représenter
la caractéristique I-V correctement du transistor DG MOSFET a canal court en tenant
compte les effets quantiques(QE), et de capturer avec éfficacité le comportement électrique
du dispositif en prenant en compte les effets du processus de conception. Le modele I-V
proposé est en accord avec les simulations numériques (2D Silvaco et nanoMOS2.5) et
valide pour tous les régimes de fonctionmement (sous le seuil, le régime quasi-linéaire
et le régime de saturation). En plus, les modéles développés sont simples, précis, est
adéquats pour de larges gammes de géométrie.

Ce travail a utilisé une nouvelle méthode de calcul intelligent (SC), algorithme génétique
multi-objectifs (MOGA), qui permet l’étude et la simulation des dispositifs MG a ’échelle

nanométrique. L’ effets des paramétres de conception du dispositif, comme [’épaisseur du



canal de silictum, [’épaisseur d’oxyde de grille et la longueur du canal de silicium sont
étudiées ou les parametres électriques qui représentent la sortie du dispositif, tels que le
courant de fuite OFF-current, l'inverse de la pente sous seuil, la tension de seuil rool-off,
DIBL et les paramétres petits signaux sont analysés pour une large gamme de parametres
électriques et géométriques.

Lidée clé de 'approche proposée est d’optimiser le comportement électrique du transis-
tor DG MOSFET dans le régime sous-seuil et le régime de saturation simultanément en
satisfaisant les fonctions objectifs suivantes: minimisation de OFF-current, minimisation
de la dégradation de [inverse de la pente sous seuil, minimisation de la tension de seuil
roll-off, mazximisation de la fonction “transconductance” et la minimisation de la fonction
"output-conductance”.

Ce travail développe aussi des modeles sous-seuils des MG MOSFET a l’échelle nanométrique
en se basant sur l’analyse du potentiel de surface électrostatique. Les solutions analytiques
du potentiel électrostatique et du courant sous seuil sont validées par leur accord avec la
simulation numérique 2D. Ces modéles permettent : linverse de la pente sous seuil, OFF-
current et le parametre de la réduction du canal pour étre formulés comme des fonctions
objectifs, qui représentent le pré-requis du MOGA.

Cette approche est appliquée afin de trouver les parametres sous-seuils optimaux qui four-
nissent des performances électriques supérieures dans le régime sous-seuil et offrent une
faible consommation de puissance et une haute vitesse de commutation qui sont nécessaires
pour les applications analogiques et numériques respectivement. En plus, dans ce travail,
on traite une nouvelle structure de transistors a grilles multiples: le transistor a grille
enrobée sans jonction JLGAA MOSFET, qui est considéré comme une simple conception
des transistors MOSFETs. Ce dernier permet d’éliminer certaines limitations imposées
par la technologie nanométrique, telles que les jonctions ultra-brutales et le cout de fabri-

cation.

Mots-clés: Echelle nanométrique, Grilles Multiples, Quantique, Canal court, Analogique,

Numérique, Optimisation, Modélisation, calucul intelligent, Algorithme génétique.



Chapter 1

Introduction and Dissertation

Overview

Contents

1.1 Introduction to CMOS scaling ... ...............

1.2 Multi-Gate MOSFETSs for Nano-Scaled ICs . . ... ... ..

1.2.1  Multi-Gate MOSFETs: Structures and advantages . . . . . . .

1.2.2  Double-Gate MOSFETSs: Structures and Advantages . . . . .

1.2.3  Advantages of Gate All Around MOSFETs . . . ... ... ..

1.3 Compact modeling: State of theart . ... .. ... ......

1.3.1  Overview of compact modeling of Bulk MOSFETs . . . . . ..
1.3.2 Overview of compact modeling of Multigate MOSFETs

1.3.2.1 Double-Gate MOSFETs . . . . . . ... ... ... ..

1.3.2.2  Gate All Around MOSFETs . . ... ... ... ...

1.4 Outline of the thesis and contributions ... ... ... .. ..




Chapter 1. Introduction and Dissertation Overview

1.1 Introduction to CMOS scaling

Although the original idea of field effect transistor (FET) was patented as early as
1930 by Lilenfeld [I]. The first metal-oxide-semiconductor field-effect transistor (MOS-
FET) on silicon substrate using Si0, as the gate insulator was fabricated by Khang and
Atalla in 1960 [2]. After 3 years ago, the CMOS (complementary MOS) is invented by
Wanlass and Sah [3], then integrated-circuits (ICs) have gone from having few transistors
to hundreds of millions of transistors [4]. The scale down of CMOS device dimension
in conventional bulk silicon CMOS technology has been a primary driver over the past
three decades in order to attain continued improvement in ICs performance, reduction in
size, higher compactness, lower cost, higher circuit speed, lower power dissipation, and
better functionality. CMOS is considered as the crucial material base in the evolutionary
progress leading to the powerful and versatile electronic systems such as computers and
communication devices. The industry’s ability to exponentially reduce the minimum fea-
ture sizes used to fabricate the integrated circuits ICS, has resulted exponential growth in
the number of transistors and memory bits per chip popularly known as Moore’s law [5],
which describes the evolution of transistor density in integrated circuits [6HIT]. It affirms
that the number of transistors per chip will quadruple every three years or double every
18 months [12] as shown in Figure [l

Figure illustrates the scaling concept of silicon technology, in which the device
dimensions and device voltages are scaled down and the doping concentration is scaled
up by the same factor [I3]. Then, according to basic electrostatics, the electric field con-
figuration will be the same as the original device. A larger FET can then be scaled down

to a smaller FET with similar behavior.
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Figure 1.1: 2007 ITRS product technology trends: product functions/chip and industry
average ”Moore’s Law” trends.
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Figure 1.2: Scaling principle of silicon technology.

Table [Tl shows the scaling rules for MOSFET devices and circuit parameters. It is
shown that these scaling rules only give us a guideline to shrink down a device. They
do not tell us how small we can make the devices [13]. For a given supply voltage and a
given layer thickness, as the channel length decreases, the MOSFET current increases, and
the intrinsic capacitance decreases. Therefore, the MOSFET switching speed is improved.
However, the device channel length cannot be arbitrarily reduced because of short channel

effects (SCEs) such as threshold voltage rolloff, subthreshold slope degradation and strong
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drain induced barrier lowering (DIBL) effect.

Besides the scaling limit of channel length imposed by SCEs, there are other scaling
limits imposed by the reduction of the vertical thickness of MOSFETS, the gate oxide
thickness, which offers better control of the gate over the channel, improves the short-
channel behavior and enhances the driving capability of MOSFETs. However, ultrathin
gate oxide will lead to high gate leakage current due to direct tunneling. Details of
those limits have been summarized in [14]. There are various approaches to avoid those
scaling limits: continue scaling down the MOSFET without changing the oxide thickness;
change the device structure such that the devices can be scaled further down while the
short channel effect is still under control; change the gate insulator material with higher
permittivity (high-K) instead of SiO, to increase the physical thickness while maintaining
the same effective-oxide-thickness [14,[15]. In addition, the increase of random dopant
fluctuation with shrinking device size affect the threshold voltage variation from device to
device. These effects lead to unacceptable high leakage current and constitute the limiting

factors of CMOS scaling at present [16].

Table 1.1: Scaling rules for MOSFET devices and circuit parameters

Physical parameter Constant electric | Generalized Generalized selective
field scaling factor | scaling factor | scaling factor

Channel length, Insulator thickness || 1/ 1/ 1/ay

Wiring width, channel width 1/ 1/ 1/,

Electric field in device 1 € €

Voltage 1/ e/a e/ag

On-current per device 1/ e/a £/ oy

Doping @ e gy

Area 1/a? 1/a? 1/a2

capacitance 1/ 1/ 1/,

Gate delay 1/ 1/a 1/ay

Power dissipation 1/a? e2/a? e2/agouy,

Power density 1 g2 2,/

10
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In table [L.Il « represents the dimensional parameter, ¢ is the electric field scaling
prameter, oy and «,, are separate dimensional scaling parameters for the selective scaling
case. «q is applied to the device vertical dimensions and gate length, «,, applies to the
device width and the wiring.

To solve these scaling issues, two different paths can be followed. The introduction
of new technologies and new materials into the conventional planar bulk MOSFET can
be used as first path to allow further scaling and improve the performance of scaled
transistors. Moreover, the adoption of new transistor architectures such as ultra-thin
body FETs and multi-gate FETs to allow superior electrostatic control over the inversion
channel. In order to study the circuit level benefits and reliability of these two CMOS
scaling solutions, suitable understanding and modeling of the associated device physics

and device behavior is needed.

1.2 Multi-Gate MOSFETSs for Nano-Scaled ICs

As mentioned in section [ CMOS has been scaled into the deep sub-100 nm regime
[I718], and is thought to be the dominant technology in the near future. As presented in
Figure [[.3], the physical gate length is estimated to be at least at or below 10 nm according
to the 22-nm technology node [19]. However, CMOS scaling seems to be fundamentally
limited due to several non-ideal effects which must be taken into account in nanoscale

devices [14120L21]. They are mainly well-known as,

e Short-channel effects including threshold voltage roll-off, drain-induced barrier low-

ering (DIBL), and subthreshold slope degradation

e Quantum mechanical effects leading to significant gate-tunneling leakage current,

threshold voltage shift and gate capacitance degradation
e Random dopant fluctuation resulting threshold voltage variation

e Non-negligible parasitic components.

11
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These effects lead to unacceptably high Off-current and degraded switching speed(swing
factor and DIBL), therefore become limiting factors of further CMOS scaling at present
[16].

Transistor Scaling
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Figure 1.3: Scaling of transistor size (physical gate length) with technology node to
sustain Moore’s Law”.

1.2.1 Multi-Gate MOSFETSs: Structures and advantages

As a solution to overcome these undesirable effects, new FET architecture the Multi-
gate (MG) FET has been proposed and investigated [22], including double-gate (DG),
quadruple-gate, surrounding-gate (SG) [23], tri-gate [24], Pi-gate [25], Omega-gate [26]
MOSFETs and FinFETs [27]. Different Multi-Gate MOSFET structures are shown in
Figure [[L4] adopted from [25].

Besides the advantages of electrostatic integrity, MG MOSFETSs also have some other
potential promises. In MG MOSFETSs, the SCEs are more controlled by the dimensions
of silicon and oxide films in which the subthreshold slope (SS) degradation is not very
noticeable where it is well known that the ideal SS by ignoring short-channel degradation

is 60mV /Decade [2§].

12
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Buried Oxide

Figure 1.4: Ultra Thin Body (UTB) Silicon On Insolator (SOI) and Different Multi-Gate
MOSFET Structures. (1:UTB SG SOI; 2:DG; 3:Tri-Gate; 4: Quadruple-Gate; 5:Q-Gate).

In MG MOSFETs, as the silicon film is usually undoped or lightly doped, the mobil-
ity is better than bulk or Partially Depleted (PD)SOI MOSFETSs because of the absence
of strong impurity scattering, thus the threshold voltage variation caused by the dopant
fluctuation will also be suppressed in MG MOSFETs. Moreover, MG-FETs can be con-
sidred as an extension to the ultra-thin (UT) body FETSs or the fully-depleted (FD) SOI
FETs but with more gates around the thin silicon body, where MG-FETSs offer stronger
electrostatic control of the inversion channel through the use of multiple gates. The chan-
nel length can be reduced to 5 times the film thickness without causing serious SCEs.
Therefore, UTB-SOI with intrinsic channel and MG structures are regarded as the most
promising by most research groups [23,29,130].

For instance, The gate controllability of the DG MOSFET is improved by both gates
since the silicon film is fully depleted. In addition, The electric field lines from the source
to the drain is blocked by the bottom gate electrode and therefore cannot reach the chan-
nel, thus the channel length can then be reduced to 2 ~ 3 times the film thickness in the
DG configuration.

Although, it is easy to be scaled down the DG MOSFET, but it is more difficult
to fabricate a gate under single crystal channel. As an example, Selective Epitaxial with
Lateral Over-growth (SELO) is a pattern for planar DG fabrication [31]. Another example
is the Gate-All-Around (GAA) MOSFET fabricated in [32] and [33].

13
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i,/L:

Figure 1.5: Three-dimensional schematic diagram of a QG MOSFET.
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GAA MOSFET can provide the best controllability of SCEs which is usually fabricated
using a Si nanowire structure, which is sometimes called nanowire transistor. Nanowire
transistors have generated much research interest lately [34L[35], highlighting two types of
geometry: one has rectangular (or square) shape, and is usually named quadruple-gate
(QG) MOSFET; the other has circular shape, and is always called surrounding-gate (SG)
MOSFET or Gate-All-Around (GAA). A 3-D schematic diagram of a QG MOSFET is
illustrated in Figure adopted from [36], whereas a typical cross sectional TEM photo
for SG MOSFET is shown in Figure [[6] adopted from [37].

Vertical DG MOSFET (Fin-FET) has also been fabricated by many research groups
[38,89]. The Fin-FET process easily provides two self-aligned gates, but this process
requires a thinner fin with a width smaller than half of the gate length. Since the gate
length is normally the smallest dimension in conventional MOSFET technology, the Fin-
FET process has to acquire more expensive lithography equipments, thus it needs some
special technologies to fabricate the silicon fin stably without lithography.

Tri-gate MOSFETSs were proposed to solve this drawback [40]. Tri-gate MOSFETSs
use three gates coupling instead two gates coupling as in the DG MOSFET, hence they
could overcome the tough fin width requirement. In addition, Tri-gate MOSFETSs have

14
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Figure 1.6: Cross sectional TEM photo of a typical SG MOSFET (circular nanowire
transistor).

better characteristics than DG MOSFETs in terms of control of SCEs where the Fin
width can be adjusted to be equal to the gate length in 30nm Tri-Gate MOSFET without
causing serious SCEs [24]. However, Tri-gate MOSFETSs suffer more from quantum-
mechanical effects due to 2-D quantum confinement. Il-gate and (2-gate MOSFETSs are
simple variations of TG MOSFETs. They can be classified into triple-plus-gate (TPG)
MOSFETSs because these devices are basically TG devices with an extension of the gate
electrode below the active Si island, which increases current drive and can effectively
improve the SCEs since the bottom channel is the bottleneck. The schematic diagram for

[I-gate and Q-gate MOSFET cross-sections is shown in Figure [T, adopted from [41].

I1 Gate material Q
Si Gate extension depth Si
e T T T T i ----------- : R
e aa) oY o
i~ T A A A A

Buried oxide

e

Figure 1.7: Schematic diagram of Il-gate and 2-gate MOSFET cross-sections.
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As discussed above, there is a clear lack of consensus as to which device approach
would be the better design approach and therefore a potential candidate for replacing the
conventional planar MOSFET. Each of the four multi-gate devices appears to offer some
improvement in performance to the planar MOSFET. Each device however also remains
to be optimized. The FinFET, for example, could be possibly tuned to outperform the
TriGate device. In that case, the ease in fabrication offered by the TriGate transistor could
then be offset by the performance advantage offered by the FinFET. On the other hand,
given a certain fabrication technology and associated design rules, the TriGate transistor
approach could result as the only viable alternative, possibly making the FinFET option
impractical.

If the Q-gate’s fabrication is further perfected, it could offer a superior performance
to the FinFET and TriGate MOSFETs. These arguments although speculative, hint
at the uncertainties pending in the MG SOI device arena. What would be useful is a
clear and systematic experimental study to investigate the behavior of the MG devices
in greater detail and understand their performance limitations in the light of design tol-
erances. Considering the difficulty and the costs involved in undergoing such a thorough
experimental investigation, a common simulation study comparing these devices would be
desirable. Due to the dimensional nature of these devices in comparison with the conven-
tional MOSFET, two and three-dimensional fabrication process and device simulations

are needed to perform this comparison.

1.2.2 Double-Gate MOSFETSs: Structures and Advantages

The most intensively studied MG MOSFETs are DG MOSFETSs [42)43]. The possible
orientations of DG MOSFET on a silicon wafer are shown in Figures |1.8(a)|, [L.8(b)} [1.8(c)|
adopted from [44]. The planar DG (Figure [1.8(a)|) resembles the planar bulk MOSFET

technology. It has less geometry effects such as ”Corner effects” [45] and ”Narrow width
effects” [46]. In addition, the planar DG is free from ”crystal plain orientation uncer-

tainty” problems when directions of the devices vary. Another advantage of planar DG

16



Chapter 1. Introduction and Dissertation Overview

MOSFET, is that the two gates are easy to be separately biased as the two gates are
formed in different process steps. In fact, these above mentioned advantages are a great
reason to study DG physical properties and improve their electrical performances for such

application.

Current-Carrying

S |l np

Bottom Gate

Silicon Wafer Silicon Wafer

(@ (b)

Current-
Carrying
Plane

Silicon Wafer

Figure 1.8: Different topologies of DG MOSFETSs: (a) Planar type; (b) Vertical type;
(c) Fin type.

The vertical DG (Figure , has the channel in the vertical direction, it is most
compact for DRAM application [47] with low leakage current, however it is topologically
difficult for a CMOS logic application [44]. Moreover, it is very difficult to fabricate the
vertical DG, especially due to the control of the vertical doping profile, and showing no

potential advantages comparing to the FinFET.
Currently, the Fin type (Figure [1.8(c)) seems to be the most promising structure,

17
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which is being studied by many groups [38,39,48 49]. In FinFET DG MOSFET, the
current flows horizontally through the fin channel, has the highest packing density for
high speed logic applications, since the channel width, the longest dimension of a logic
FET, is perpendicular to the plane of the wafer [44].

Among those above device, one of the most important device structures is planar DG
MOSFET, which is selected for studying their electrical performances where the interest
of this thesis is in device design and basic physical modeling. One of the greatest reason
to deal with this kind of MG MOSFETSs is the scaling capability to the shortest channel
length for a given gate oxide thickness, (because the bottom gate can effectively screen
the field penetration from the drain), hence suppress the short channel effects. We can
cite these advantages as: (a)ideal 60mV /decade subthreshold slope [50]; (b)scaling by
silicon film thickness without high doping; (c)setting of threshold voltage by gate work
functions [51], (d) easy fabrication because of its planner structure, etc...

In this thesis, the focus will be put on the compact modeling for of planar DG MOS-
FET. Our group has worked on analytic surface potential and threshold voltage models
for DG MOSFETS several years before [52]. One of the contributions of this thesis is to
extend the DG model according to the charge concentration evaluation including short
channel and quantum effects. Then, the developed accurate analytical models, for sub-
threshold and saturation regimes, will be used to improve the electrical performances of
the DG MOSFETS for nanoscale applications. Efforts will also be focused on making the
physics-based model more versatile and computationally efficient using soft computing

approaches.

1.2.3 Advantages of Gate All Around MOSFETSs

As discussed above, the UTB SOI MOSFETSs can be fabricated in different forms it
may be a single or double gate, a cylindrical gate or quadruple gate MOSFET. GAA
MOSFET devices presented in section [[.2.1] with undoped channel has been applied

for different applications. It is suitable for digital applications and have found places

18
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in varieties of applications like base-band analog applications, memory applications etc.
The GAA MOSFETSs are considered to be among the most prominent multigate CMOS
devices for future generation Nano-scale IC technology due to their important advantages

cited as:

e Better scalability than the double-gate MOSFETS (i.e., better control of SCE).The
reason behind that the surrounding gate creates an electrical sheltering action for
lateral electrical fields creating due to the charges in the source and drain. The
superior scalability of the device could make the GAA MOSFET suitable for future

generation CMOS technology with gate-length scaled below 25nm.

e Better switching characteristics where an ideal Subthreshold swing of 60mV /Decade
could be expected in a GAA gate MOSFET. This may provide higher ON-to-OFF
current ratio than that of the bulk MOSFET thereby providing better switching

characteristics.

e Higher drive current since the current flow across all surrounding surface of the
silicon body (not only just from the top edge as well as bottom edge in the ultra-
thin body SOI DG MOSFET), the ON-state drive current can practically be greater
of that of the double-gate device.

e Higher transconductance and greater linearity of GAA MOSFETSs can be achieved
by increasing the doping level in the channel region of device. It may be mentioned

that the doped GAA MOSFETSs are important for many analog and RF applications.

In fact, our research group has focused on the analytical analysis of GAA MOSFETSs
including hot-carrier effects in order to study the scaling limits of GAA MOSFET several
years ago [53]. In this thesis, our research is focused on investigation of new kind of GAA
MOSFET called Junctionless (JL) GAA MOSFET which exhibits better performance
with respect to GAA mosfet in term of fabrication process. Effort will also be focused on

development of new subthreshold swing and scaling length models in order to illustrate the
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scaling capability of the JLGAA for ultra-low power nanoscale CMOS-based applications
over GAA MOSFET design.

1.3 Compact modeling: State of the art

A compact model provides a link between process technology and circuit design. It
mathematical describes the complex device physics in a transistor where it retains the fine
balance between accuracy and simplicity. An accurate model based on physic allows the
process engineer and circuit designer to make projection beyond the available silicon data
(scalability) for scaled dimensions and also enable fast circuit and device co-optimization.
The simplifications in the physics allow mathematical approximations and by consequence
enable very fast analysis of device/circuit behavior in comparison with the much slower
numerical simulators. Thus, it is necessary to develop a compact model for MG MOSFETs
for technology circuit development in the short term and for product design in the longer
term.

One of the biggest challenge is modeling MG FETs is the need to model several flavors
of MG FETs. The silicon body can be controlled by either two gates, three gates or four
gates. The gates can all be electrically interconnected or they can be independently
biased. Multigate FETs can be built on SOI or bulk silicon. It is important to obtain a
flexible model which can model all the type of Multigate FETs without making the model

computationally intense. Figure shows the development cycle of the compact model
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Figure 1.9: Development cycle for compact modeling

1.3.1 Overview of compact modeling of Bulk MOSFET's

As mentioned in section [[LII MOSFET has been the main component of integrated
circuits ever since its invention. Therefore, compact modeling of MOSFETSs has also
been continuously growing for complex circuit design. Compact model of MOSFETSs
usually based on a precise core model (long channel classical model) then all specific
physical phenomena that include quantum effects, short channel effects, channel length
modulation,etc..., are implemented into this core model as parameter corrections in order
to achieve fast and accurate circuit simulation results.

Figure [LI0 shows the schematic diagram of a compact model for a MOSFET. The
evolution of MOSFET compact model starts from simple, piecewise, to complicated mod-
els, continuous models to achieve more accurate circuit simulations. For example the

earliest versions of BSIM model, (piecewise models), which perform separate equations
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Figure 1.10: Schematic diagram of a compact model for the bulk MOSFETSs

based on the charge sheet approximation for different operation regions. This leads to the
discontinuous first order derivates of current and charge and hence rigorous convergence.
Non-physical mathematical smoothing functions are adopted in recent BSIM3/BSIM4
models in order to manually connect the different operation regions, as well as to over-
come the convergence problem [54]. Although this approach largely solves the convergence
problem, the non-physical smoothing equations fail to physically describe the transition
region where MOSFET transistors in analog circuits are commonly biased.

To avoid the disadvantages of BSIM models, the surface potential models developed
by the Pennsylvania State University and Philips (PSP) [55] and those developed by
the Hiroshima University Semiconductor Technology Academic Research Center (HiSIM)
[56] have been presented as the next generation of compact model for bulk MOSFETsS.
Without introducing the threshold voltage, one single surface potential equation valid for

all the operation regions is solved for the solution in these models.

1.3.2 Overview of compact modeling of Multigate MOSFET's

The MG devices that control the channel from multiple sides and very thin body
devices are new to circuit and system designers. These devices need to be modeled to

understand and predict the functionality of the circuits. Compact device models are used
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in circuit design. New compact models that accurately model these novel devices, and are
computationally efficient, are in development. There are new physical effects that now
need to be incorporated into these device models.

The use of multiple gate devices in circuit design is critically dependent on the avail-
ability of accurate models for these devices, valid for DC, AC, transient and noise analysis.
Using appropriate models, circuit simulation allows to design circuits with devices of ad-
equate dimensions. Circuit simulation requires accurate models of the current and the
terminal charges (from which capacitances are obtained) of the devices. These models
should be based on expressions with a sufficiently high order of continuity. Lack of con-
tinuity between the different operating regimes leads to convergence problems in circuit
simulation. In conventional MOSFETS, there have been a trend to move from piecewise
models (with continuity problems) to unified models with an infinite order of continuity.
Smoothening functions are often used to assure the continuity between different oper-
ating regimes. For the same reasons, multiple-gate MOSFETs will need unified highly
continuous models.

For proper modeling of nanoscale MOSFET for VLSI circuit simulation, accurate and
physics-based compact models are required. The modeling principles for these devices are
somewhat different from conventional bulk MOSFETS, since volume conduction should

be considered.

1.3.2.1 Double-Gate MOSFETSs

As discussed in the last section, the compact model development for bulk MOSFETSs
has shown that an ideal long channel core model should be continuous, symmetric, physics-
based, accurate and computationally efficient are still a modeling challenge. These require-
ments set the objective of the compact modeling of DG MOSFETSs. Previous work mostly
focused on the modeling of some particular physical phenomenon have been made to im-
plement compact models giving insight to understand the physics and operation of DG
MOSFETs. For instance, a core model for DG MOSFETSs was developed by Taur based

on the solution of 1-D Poisson and current continuity equations where the charge-sheet
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approximation is not taken into account [28[57].

A number of attempts have been made to approximate these expressions including
intermediate parameters in order to express the body potential, inversion charge, and
drain current [58,59]. In these works, the electric characteristics of DG MOSFETS is
described as functions of charges, where obtained charge equations are still implicit, thus
there is no mathematical advantage to remove the intermediate parameters. In addition,
each approximation initiate non-negligible error either in the transition region or on-
current regions.

Numerical study of the body doping effects on double-gate MOSFET characteristics
is suggested in [060]. After that the threshold voltage shift and the subthreshold current
slope degradation are discussed intensively following by an analytical solution to the 1-D
Poisson’s equation [61]. Because it is impossible to solve three coupling implicit equations
analytically, a series of appropriate assumptions were involved to solve the equation in a
non-coupling way.

The short-channel effects were taken into account by solving 2-D Poisson’s equation
in evanescent mode which is largely adopted by the bulk MOSFETs [62,[63], or assum-
ing parabolic potential shape [641[65]. Whereas, the obtained solution according to the
parabolic potential assumption is less accurate at the silicon-silicon dioxide interface. Ex-
plicit expressions for threshold voltage roll-off [66-68] and subthreshold [69] current slope
were also developed [63] by solving the current continuity equation basing on the minimum
potential barrier along the channel.

Furthermore, when quantum effects dominate, there still lacks a comprehensive com-
pact model for DG MOSFETSs. Several approaches have been applied to study quantum
effects in DG MOSFETS, such as the nonequilibrium Greens function [70], density gra-
dient model [71,[72], and Monte Carlo simulation [73H75]. However, these mathematical
complex models make them impractical for compact modeling.

In another work, only the potential and charge distribution have been carried out by
the analysis of quantum subband energy levels [76] and the quantum threshold shift [77],

but no drain current equation has been developed for a compact model.
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Recently, an implementation of an analytic potential-based terminal charge and capac-
itance model was carried out for AC and transient simulations [78]. Employing different
forms of drain current expression results in similar expressions for the terminal charges
and capacitances [79].

In this context, we apply in chapter Bla soft computing approaches particulary Genetic
Algorithm, Fuzzy Logic to implement quantum effects into an analytic charge model as
quantum corrections for DG MOSFETSs in order to develop continuous quantum drain

current model close to NEGF numerical simulation.

1.3.2.2 Gate All Around MOSFETSs

Most of the existing GAA MOSFET models are based on one-dimensional (1-D) analy-
sis, and are suitable only for long channel devices [80]. As consequence, they are unable to
reproduce the roll-off as the channel length is reduced. A two-dimensional analysis is nec-
essary to derive threshold voltage and subthreshold swing models that properly account
for the channel length dependence. A few 2-D models of the threshold voltage for doped
and undoped GAA MOSFETSs have been presented [811[82]; however, all of them neglect
the effect of the mobile charge density, which can be important in the near-threshold
regime (in particular for undoped devices).

Furthermore, simple continuous analytic current-voltage (I-V) model for cylindrical
undoped (lightly doped) GAA MOSFETSs where the charge-sheet approximation allowing
adequately capture of inversion charge distribution in the silicon [83].

Recently, Hamedy et.al., have proposed an analytical, physically-based, models for
the threshold voltage, the subthreshold swing and DIBL of undoped cylindrical Gate All
Around (GAA) MOSFETs which have been derived based on an analytical solution of the
two-dimensional (2-D) Poisson equation (in cylindrical coordinates) including the mobile
charge term, by using new techniques that allow to consider the effect of channel length,
thickness and drain-source voltage [84]. His model is validated by comparison with the
results obtained from 3-D numerical simulations with DESSIS-ISE for different channel

lengths/thickness and from low to high drain-source voltage values.
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As an extended work, Hamdy et.al have developed an analytical and continuous DC
models for cylindrical undoped GAA MOSFETSs, in which the channel current is written
as an explicit function of the applied voltages [80]. The model is based on a new unified
charge control model developed for the device. The explicit model shows good agreement
with the numerical exact solution obtained from the new charge control model, which was
validated by comparison with 3D numerical simulations.

Another compact models for GAA MOSFETs [85] have been recently developed us-
ing several approximation in order to derive analytical solutions of Poisson’s equation for
doped and undoped devices. In this work, self-consistency with Schrédinger’s equation
combined with the current continuity equation are addressed to describe the carrier trans-
port models. Thus, it overcome some difficulties in compact modeling :the electrostatics,

the quantum effects, the transport mechanisms, and the high-frequency behavior.

1.4 Outline of the thesis and contributions

The main goal of this work is to apply new soft computing approaches in order to
improve the computational performance in term of computing time and accuracy, pro-
pose new design structures of nanoscale multigate MOSFETSs to study their electrical
performances for digital and analog applications. Moreover, both analytical and compact
models are developed to be exported to the IC design community worldwide. This disser-
tation is devoted to the design, modeling and improvement of the electrical parameters
of several MG MOSFETSs design structures.

In this Chapter, a review MOSFET scaling, DG and GAA MOSFET technology and
device modeling have been presented. We have also clarified the motivation of research
on MG MOSFETs.

General concepts and description of evolutionary computation and artificial techniques
are presented in Chapter This chapter introduces the fundamentals of genetic algo-
rithm (GA) and fuzzy logic (FL) control, gives an overview of existing multi-objective

optimization and compares possible advantages of one over the other.
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Chapter [l develops short channel compact models of drain current in symmetric DG
MOSFETSs including the threshold voltage shift and the gate capacitance degradation due
to quantum effect, channel length modulation and electron mobility degradation due to
short channel effect. Starting from 1-D analytical solution of the Poisson equation, we
derive the long channel drain current model of undoped DG MOSFET assuming gradual
channel approximation (GCA), which is mainly depending on effective electron mobility,
electron distribution and quasi-Fermi level. GA and FL are employed as training and
optimization tools to generate the optimal and correct distribution of these parameters,
where accurate analytical models for nanoscale DG MOSFET close to exact numerical
model (NEGF) are successfully obtained.

According to the developed model of symmetric DG MOSFETSs in Chapter [3], reliable
and optimized design of DG MOSFET for nanoelectronics digital and analog applications
is presented in Chapter @ In this Chapter, Multi-Objective-Genetic Algorithm (MOGA)
approach is proposed to find out the optimal dimensional (channel length, silicon thickness
and oxide thickness) and electrical parameters (threshold voltage rool-off, OFF-current,
drain-induced barrier lowering, subthreshold swing, output conductance and transcon-
ductance) of DG MOSFET which would provide to the circuit designers several possible
solutions to choose the one that suites best his analog and/or digital application.

Chapter [0 investigates the subthreshold behavior of new proposed MG MOSFETSs
designs. In the first part of the chapter, semi-analytical models of the surface potential
and the subthreshold swing factor in DG MOSFETSs are developed including free carriers
and interfacial traps effects. These analytical results can help us to physically under-
stand the impact of the channel length, hot carrier induced interface charge density and
free carriers on the scaling capability of the thin DG MOSFETs. In the second part of
this chapter, the subthreshold parameters of the nanoscale Gradual Channel Gate Stuck
(GCGS) DG MOSFETSs (threshold voltage rool-off, drain-induced barrier, subthreshold
swing and OFF-current) are employed as objective functions which are the pre-requisite
of MOGA application. This approach is used to search for optimal subthreshold param-

eters where superior electrical performances in subthreshold regime are provided by the

27



Chapter 1. Introduction and Dissertation Overview

proposed device which offers low OFF-current, high ON-current with ideal subthreshold
swing required for digital application. In the third part, an analytical investigation is
proposed to study the subthreshold behavior of Junctionless Gate All Around (JLGAA)
MOSFET for nanoscale CMOS analog applications (low power application). Based on
2-D analytical analysis, a new subthreshold swing model for short-channel JLGAA MOS-
FETs is developed in order to compare their performances with the conventional GAA
MOSFET to highlight the obtained improvement. The proposed analytical models are
used to formulate the objective functions for searching the optimal electrical and dimen-
sional device parameters. The obtained parameters offer significant improvement in terms
of circuit electrical performance: gain and cut-off frequency satisfying the subthreshold
working condition which make the JLGAA MOSFET as a better choice for nanoscale
ultra-low power CMOS-based applications.

Conclusions of the dissertation and discussion of future directions beyond the scope

of this work are drawn in the last chapter.
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2.1 Introduction to the soft computing

For better understanding the real meaning of the new term of soft computing, it is
interesting to identify the first who has created this term. It was Lotfi A. Zadeh, father
of fuzzy logic and one of the leaders in the soft computing community, who has coined
the label "soft computing (SC)” to name an interdisciplinary field that covers different
approaches to Artificial Intelligent (AI). He formulated this new scientific concept in [86]
"In traditional -hard- computing, the prime desiderata are precision, certainty and rigor.

By contrast, the point of departure in soft computing is the thesis that precision and
certainty carry a cost and that computation, reasoning, and decision making should exploit
-wherever possible-the tolerance for imprecision and uncertainty” written by Zadeh about
20 years ago [86].

Zadeh has also named ”soft computing” by the following definition [87]: ”Soft com-
puting is an emerging approach to computing which parallels the remarkable ability of
the human mind to reason and learn in an environment of uncertainty and imprecision.”

In general, SC is consisted of neurocomputing, fuzzy logic, evolutionary computing,
and probabilistic reasoning. These later were mainly designed to model and perform
solutions to real world problems, which are not yet modeled or too difficult to model,
mathematically. SC methodologies have gained increasing attention over the past years
due to their suitability for problem solving and also provide flexible information processing
that are capable to handle real-life confusing situations [88].

The main principle of the SC is to elaborate the methods of computation that lead to
a desired solution with low cost and more robustness by seeking for an approximate solu-
tion to inaccurate or precisely formulated problem. SC differs from conventional (hard)
computing in term of tolerance of imprecision, uncertainty, partial truth and approxima-
tion. Therefore, the role model for SC is the human mind. SC is basically an optimization

technique which is applied to find solution of problems that are very hard to answer.
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2.2 Soft computing coupled with optimization based
modeling

Optimization based modeling is basically the technique to exploit in order to find the
optimal parameters model that minimize or maximize a specified cost function as shown
in Figure 2.I This technique is widely used in several fields such as physics, chemistry,
economics, and engineering where the goal is to maximize efficiency, models accuracy,

device reliability and other application reasons.

Input or —— Function or msmmp Output or
Variable Process Cost

Figure 2.1: Optimization mechanism

The successful solution of such problem, especially the nonlinear problem is based on
the well choice of an optimization modeling strategy by coupling the SC methodology.
There are many important parameters to be taken into account for optimization such as
the type of model input variables (continuous, discrete or mixed), the type of objective
function (smooth or nonsmooth, differentiable, etc.), constrained or unconconstrained
problem, shape of feasible design space, the number of design input variables, the number
of constraints, cost of each simulation, linear or nonlinear functions, local and global
optima, etc.

Therefore, the optimization procedure is a very complex problem that has to be treated
by SC approaches such as FL, GA, PSO, etc... In addition, the idea of bringing SC
methodologies into the area of optimization based modeling lead to prove efficient in
practice and powerful in solving real world problem. The remaining parts of this chapter
describe, with more details, the function of those soft computing methodologies (Sections

and 2.4l refer to single and multiobjective genetic algorithm respectively while Section
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refers to Fuzzy logic computation) that will be used in the scope of our research on

optimization based modeling via SC.

2.3 Genetic algorithm

Genetic algorithms provide to soft computing an efficient mechanism for solving dif-
ficult problems through a systematic stochastic search based on the principles of natural
selection. There have been several schools of thought that have contributed to and en-
riched the field, but share the same underlying principles with GAs [89], i.e., evolutionary
strategies [00] and evolutionary programming [91]. Genetic algorithm has been applied
to a variety of problems, many of which conventional methods have failed to solve, when

Genetic algorithm can effectively solve these and other hard problems.

2.3.1 Principal concept

Genetic algorithms [89/92/03] emphasize genetic encoding of potential solutions into
chromosomes and apply genetic operators to these chromosomes. A canonical genetic
algorithm (also called simple or standard GA) [92] is the one which uses binary represen-
tation, one-point crossover and bit-flipping mutation. A canonical genetic algorithm can

be implemented as shown in the following algorithm:

Algorithm 1 Canonical genetic algorithm

Generate the initial population P(0) at random and set i = 0;
REPEAT

1: Evaluate the fitness of each individual in P(i);

2: Select parents from P(i) based on their fitness;

3: Apply single-point crossover to selected parents;

S

: Apply bit-flipping mutation to crossed-over new individuals;

5: Replace parents by the offspring to produce generation P(i + 1);

UNTIL the halting criterion is satisfied
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As genetic algorithms (GA) are modeled after the processes of evolution and genetic
recombination, the building blocks of the algorithms are named after genetic elements.
Genes are the binary encoding of each problem variable, and all of the genes as a string
are referred to as a chromosome or individuals. A set of chromosomes is called a popula-
tion which contain of the necessary information about the individuals. The GA randomly
creates an initial population of individuals to be served to create new generations. Each
chromosome in a population has a fitness associated with it, which is calculated through
a fitness function. The chromosomes in each population are ranked from best to worst
based on their fitness. The higher ranked chromosomes are mated to produce a new popu-
lation that exhibits characteristics of the better individuals from the previous generation.
Mutation is allowed to occur at a small probability. This process repeats until either a
desired fitness has been achieved or a set number of generations has occurred.

The flowchart of a basic genetic algorithm just described is shown in Figure 221

. ) A
Generate initial
population Evaluate fitness
J J

Selection schemes Crossover
operators

i
1
1
1
i
: i
1 J .
: i
! No !
! . i
| Mutation i
' New population full? operators i
i N |
i i
i i

Yes @ Reproduction cycle
L i

No

Stop criteria > Optimal solution ]

Figure 2.2: Flowchart for simple genetic algorithm
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2.3.2 Representation

Since the variable values are represented in binary, there must be a way of convert-
ing continuous values into binary, and visa versa. In this context, each variable in the
optimization problem must be coded as a gene, and all variables concatenated together
form a chromosome. The sample chromosome shown in Figure is composed of N

parameters with each parameter containing 4 binary digits.

Chromosome:|:1 of 111111 f -] 111 O:I

qi q2 aN

Figure 2.3: Example chromosome with N parameters composed of 4 binary digits each

Each gene ¢y has a mapping from the chromosome space to the parameter space. It is
important to fully understand the range and precision necessary for each variable so that
the entire solution space can be explored and also to ensure that each gene, and thus each
chromosome, generated by the GA is a realizable solution to the optimization problem.
In addition, the chromosome must first be decoded in order to be evaluated by the fitness
function because the GA works with the binary encodings as previously mentioned but

the fitness function often requires continuous variables.

2.3.3 Evaluating fitness

The fitness function is the most important part of a genetic algorithm, as it is part of
the algorithm that forms the connection to the physical problem being optimized. The
fitness function must assign a number to each individual that is a measure of the goodness
of the present individual in relation to the optimization goals. The success of the algorithm
is dependent on how well the fitness function evaluates each solution in relation to the
overall objectives of the optimization problem. The fitness function is generally the most
time-intensive part of a genetic algorithm, so it is also important when considering the

time efficiency of the optimization algorithm.
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2.3.4 Selection schemes

A selection scheme determines the probability of an individual being selected for pro-
ducing offspring by crossover and mutation. In order to search for increasingly better
individuals, fitter individuals should have higher probabilities of being selected while un-
fit individuals should be selected only with small probabilities. Different selection schemes
have different methods of calculating selection probability. There are many methods used
to determine which individuals should be used as parents, the four most popular be-
ing rank-based selection, roulette wheel selection (also known as the fitness proportional

selection), tournament selection and elitist selection.

e Rank-based selection selects the individuals which are ranked from highest to
lowest based on their fitness [94]. A minimal fitness is chosen as the cut-off and any
individuals with a lower fitness than this threshold is removed from the population.
The remaining individuals are randomly paired to produce offspring and create
the next generation. The advantage of rank-based selection is the simplicity of its
implementation. However, this simplicity is offset by the tendency to eliminate
unique characteristics of the population thus decreasing the diversity of the sample

population at a very early stage.

e Roulette wheel selection calculates the selection probability directly from indi-
vidual’s fitness values and assigns it to each individual in the population based on
relative fitness values [94]. Figure 2.4 shows how individuals are assigned a space
on the wheel that is directly related to their relative fitness. The wheel is ”spun”
and the result of the spin selects the individual to be used in the mating process.
Individuals with high fitness values will be selected as parents more frequently than
the less-fit individuals causing characteristics associated with higher fitness values to
be represented more in subsequent generations. However, it can be seen that there
is still a small probability that an individual with a low fitness value will be selected
for the mating process, thus preserving their genetic information and maintaining a

higher level of diversity.
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Figure 2.4: Roulette wheel selection with each slice proportional to the individual’s
relative fitness

Roulette wheel selection may cause problems in some cases. For example, if an
initial population contains one or two very fit but not the best individuals and the
rest of the population are not good, then these fit individuals will quickly dominate
the whole population (due to their very large selection probabilities) and prevent
the population from exploring other potentially better individuals. On the other
hand, if individuals in a population have very similar fitness values, it will be very
difficult for the population to move towards a better one since selection probabilities

for fit and unfit individuals are very similar.

e Tournament selection chooses a sub-population of N individuals at random from
the population and compete based on their fitness values. The individual with the
highest fitness value wins the tournament and is selected as a parent in the mating
pool. All the sub-population members are returned to the general population and
the process repeats till the mating pool is full. Tournament selection acts much as
roulette wheel selection, with the more fit individuals having a higher probability
of selection while still maintaining the diversity of the population. The advantage
of tournament selection is the absence of fitness ranking, which makes it a faster

process than roulette wheel selection.

e Elitist selection is also known as elitism and elitist strategy. It always copies the
best individual to the next generation without any modification. More than one

individual may be copied, i.e., the best, second best, etc., may be copied to the
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next generation without any modification. Elitism is usually used in addition to an

accepted selection scheme.

2.3.5 Crossover operators

The crossover operator is emphasized as the most important search operator of a
GA. Crossover in a GA with crossover probability selects two parent individuals and
recombines them to form two new individuals, i.e., two new designs. Thus, all offspring
are generated from two selected parents through the process of crossover.

There are many variations of crossover, but the most popular methods include uniform,
single point, and multiple-point crossover. Single point crossover [95] is the simplest. A
random location in the parent’s chromosome is selected and the portion preceding that
location is copied from parent 1 to child 1 and from parent 2 to child 2. The portion of
the chromosome following this point is copied from parent 1 to child 2 and from parent
2 to child 1, as shown in Figure B Multiple-point crossover [95] is an extension of
single point crossover, where more than one point is selected in the parent chromosome

as shown in Figure

Point crossover

Parent | 1|0|1|1 1|1|o|1 Chi1d11|o|o|1 1|1|o|1
——— —

/_)% 0\
Parent 2 1|0|0|1 1|1|1|1 Child 2 1|0|1|1 1|1|1|1

Figure 2.5: Example of single point crossover

Point’s crossover

Parent 1 l|0|1 0|1 0|O|1 Child 1 1|0|1 1|1 0|0|1
— — | |
f_A_\
Parent 2 1|0|0 1|1 1|0|0 Chi1d2|1|0|0 0|1 1|0|0
I\

Figure 2.6: Example of multi-point crossover
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Uniform crossover [95] is accomplished through the use of a randomly generated mask
that contains the same number of binary bits as the parent chromosomes. The numbers
in the mask indicate whether the bit from parent 1 or parents 2 should be translated to
each child. Figure 2.7 shows an example of uniform crossover, where a 0 in the mask
indicates for child 1 that the bit should taken from parent 1 and a 1 indicates that the
bit should be taken from parent 2. The opposite is true for child 2, where a 0 indicates
that the bit should come from parent 2 and a 1 indicates the bit should be from parent 1.
In Figure 2.7, all bits taken from parent 1 are noted with a dot, and those lacking dots

are from parent 2.

L4 LK ®
bt [0 1] 1] 1] 0] 1] cur[1]o] o] 1] 1] 1] 1] 1]

Mask=|1|0|l|1|0|0|1|0|
* ¢ o *
Paren12|1|0|0|1|1|1|1|1| Child2|1|0|1|1|1|1|0|1|

Figure 2.7: Example of uniform crossover

The problem with these crossover methods is that no new information is introduced:
each continuous value that was randomly initiated in the initial population is propagated
to the next generation, only in different combinations. Although this strategy worked fine
for binary representations, and in the case of continuum values we are merely interchanging
two data points. These approaches totally rely on mutation to introduce new genetic

material.

2.3.6 Mutation operators

Mutations are random changes in chromosomes at the bit level and occur by changing
a”1” toa”0” ora”0” to a”1” as shown in Figure 2.8 The mutation operator depends
on mutation rate : If the random number which is generated randomly by GA in the
interval [0, 1] is greater than the predetermined mutation rate, then mutation is applied

and vice versa. Mutation rates used in literature are usually very small (e.g. 0.001) [96].
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Mutation point

otemet ool o]l

aermuon |1 0] 1] 1[0 ] 1] 1]
after mutaion

Figure 2.8: Example of mutation operator

2.3.7 Replacement operators

After the creation of new offspring using genetic operator (selection, crossover and
mutation), the successor generation is produced. As mentioned previously, the parent
individuals are selected according to their fitness, thus the created offspring increase the
fitness of the population generation by generation. During replacement operation, genetic
algorithm decides whether offspring will survive or will become exist following the most

common replacement techniques:

e Complete Replacement deletes all the individuals of the successor population
and replaces them with the same number of new individuals that have just been

created.

e Steady-state chooses "n” old individuals from the current population and replaces
them with ”"n” new individuals. The choice of the new individuals number ”n” and
the deleted individuals from the current population are important aspects of genetic

algorithm.

e Replacement with elitism is similar to the complete replacement but in this
technique one or two individuals with the highest fitness are chosen to be included
in the next generation. As a result, good solutions are preventing from become

extinct.
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2.3.8 Convergence criteria

This generational process is repeated until a termination condition has been reached.

In short, the various stopping condition are listed as follows:

e Maximum generations: The genetic algorithm stops when the specified number

of generations have evolved.

e Elapsed time: The genetic process will end when a specified time has elapsed.
Notice that if the maximum number of generation has been reached before the

specified time has elapsed, the process will end.

e No change in fitness: The genetic process will end if there is no change to the
population’s best fitness for a specified number of generations. Notice that If the
maximum number of generation has been reached before the specified number of

generation with no changes has been reached, the process will end.

e Stall generations: The algorithm stops if there is no improvement in the objective

function for a sequence of consecutive generations of length Stall generations.

e Stall time limit: The algorithm stops if there is no improvement in the objective

function during an interval of time in seconds equal to Stall time limit.

These processes ultimately result in the next-generation population of chromosomes
that is different from the initial generation. Generally the average fitness will have in-
creased by this procedure for the population, since only the best chromosomes from the

preceding generation are selected for breeding.

2.4 Multiobjective genetic algorithm

Multi-objective optimization problems have received interest form researches since

early 1960s. In a multi-objective optimization problem, multiple objective functions need
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to be optimized simultaneously. In the case of multiple objectives, there does not neces-
sarily exist a solution that is best with respect to all objectives because of differentiation
between objectives. A solution may be best in one objective but worst in another.

Therefore, there usually exist a set of solutions for the multiple-objective case, which
cannot simply be compared with each other. For such solutions, called Pareto optimal
solutions or non-dominated solutions, no improvement is possible in any objective function
without sacrificing at least one of the other objective functions. Thus by using the concept
of Pareto-optimality we can find a set of solutions that are all optimal compromises
between the conflicting objectives. Pareto-optimality is a concept used economics, game
theory, etc. A Pareto-optimal solution is one that is not dominated by any other solution
i.e. it is one in which no objective can be improved without a deterioration in one or more
of the other objectives.

In the past few years, there has been a wide development in applying genetic algorithms
to solve the multi-objective optimization problem, known as evolutionary multi-objective
optimization or genetic multi-objective optimization. The basic features of genetic algo-
rithms are the multiple directional and global searches, in which a population of potential
solutions is maintained from generation to generation.

The population-to-population approach is beneficial in the exploration of Pareto-
optimal solutions. The main issue in solving multi-objective optimization problems by
use of genetic algorithms is how to determine the fitness value of individuals according to

multiple objectives.

2.4.1 Aggregation approach-based optimization

This is perhaps the most natural and common approach for fitness assignment [97,[98].
For a given individual, the values of the multiple objective functions are combined into
a single scalar objective function using a linear or nonlinear combination. The main
strength of this approach is its computational efficiency and simple implementation. Its

main weakness is the difficulty to determine the value of the weights that reflect the
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relative importance of each function.

Several applications of evolutionary algorithms using aggregation approaches have
been reported. A number of authors have provided examples of the use of the common
method known as weighted-sum approach [99-101]. Gen et al. [102/[103] have extended
this approach to handle uncertainty using fuzzy logic.

Medaglia and Fang [104] have proposed the use of adaptive weights instead of prede-
termined fixed weights. Hajela and Lin [105] have used an evolutionary approach (HLGA)

in which the weights are discritized and encoded in the chromosome.

2.4.1.1 Cost Function using Weighted-Sum approach

Functional fitness functions are a quantification of an individual’s fitness measuring
some aspect of performance. Functional fitness functions are often formulated by trial
and error or a human designer’s expertise (or both). Using functional fitness functions
introduces human bias into fitness function design because the human designer must
decide how important a particular behavior is to the overall fitness of the individual.

Traditional functional fitness functions, which produce a single value for each individ-
ual in the population, are most useful for tasks that have a single, measurable objective.
However, functional fitness functions can be used to optimize over multiple objectives.
To accomplish this, a fitness function for each objective is formulated, and then a single
function for all the objectives is produced by summing each objective’s function. Typi-
cally, these functions are weighted to give precedence to one or more objectives, and this
weighting may introduce a great deal of human bias into fitness function design. The
evaluation of multi-objective problem returns a set of fitness functions f that need to be
improved simultaneously and is given as,

I(T;glf: L1 fo, fas o , [l (2.1)

where X is the parameter space. However, the solutions that can simultaneously optimize

every fitness function are difficult to find for such a multi-objective problem. Therefore,

43



Chapter 2. Soft Computing based methods

a commonly used trade-off method combines different objectives into a linear overall

objective function presented as a weighted sum:

(X)

min = Cost (f) = zn:wi - fi (2.2)
i=1

where w; is the weight vector that is designed to emphasize the importance of each fit-
ness function f;. X is the parameter space, which can consist of different types of design
parameters for such problem. Thus, the GA multi-objective problem becomes GA single
objective and the optimization can proceed by directly evaluating the value of the ob-
jective function. As an example, when a constant weight is assigned to each fitness
function, which is required to construct the composite objective function, the direction
of the GA search is fixed in the multi-dimensional space as shown in Figure 29| f; ,
f2 are fitness functions to be minimized. The close circle in Figure represents the
final, single solution obtained by the GA. The overall objective function to be minimized

simultaneously is given as,
F=w-fitw-fo (2.3)

where w; and wy are equal (w; = wy = 0.5). However, even with the same importance
on each fitness function, each contribution to the weighted sum could be different, since
the scale of each fitness function is not the same. Hence, to overcome this drawback,
normalised values are preferred to be used to reduce the impacts caused by the scale of

the fitness function. The above formula is thus modified as,

Fnorm = 1w - fl,norm + wy - f2,norm (24)

where fi orm and f3,0rm denotes the normalized values of fitness functions of f; and fo

respectively.

44



Chapter 2. Soft Computing based methods

f5: to be minimized

Final solution

v

f, : to be minimized

Figure 2.9: Direction of search in GA with a combined fitness function

2.4.2 Pareto front optimization

Another area where multi-objective GAs are particularly effective is Pareto-Front opti-
mization. Many real world optimization problems contain multiple competing objectives
and there is a premium on methods that can handle multiple objectives and discover
optimal tradeoffs (Pareto-optimal front) between these objectives.

Despite the fact that the evaluation by a weighted sum cost function facilitates the
optimization process to a great extent, the most significant limitation of this process is that
the fitness functions used in the overall objective function formula are sometimes not in
the same scale. Therefore, obtaining a single solution will not necessarily best satisfy the
designer’s priorities in satisfying the multiple objectives. To address this problem, multiple
objectives sould be converted into single-objective problems by using a priori weights
denoting the relative importance of the different objectives. These later, rely on multiple
runs of single-objective optimization with different weights to obtain different Pareto-
optimal solutions. However, the choice of weights is a non-trivial task and furthermore
uniform coverage of the Pareto-optimal front is usually improbable, sometimes impossible
and the methods are usually inefficient and less robust [106].

On the other hand, population-based approaches such as genetic algorithms are partic-

ularly suited to handle multiple objectives as they can process a number of solutions in par-
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allel and find all or majority of the solutions in the Pareto-optimal front. Based on Gold-
berg’s suggestion [92] of implementing a selection procedure that uses a non-domination
principle, many multiobjective evolutionary algorithms have been proposed [107]108]

In order to include multi-objective GAs optimization into the evolutionary algorithm,
a new evaluation and selection scheme has to be implemented. In the case of multiple
objectives, separate fitness values are assigned to the individuals for their performance in
different tasks, resulting in a vector of fitness values, instead of only one aggregated fitness
value. As a consequence of this, it is no longer possible to decide whether an individual
is better or worse than another, by simply comparing their single fitness value.

Therefore, before selection, a ranking of the individuals is achieved by applying the
non-dominated sorting algorithm. A fast running of the non-dominated sorting procedure,
is shown in Figure R2.I0 As an additional ranking criterion for the individuals in the
population, crowding distance computation is applied in order to maintain the diversity
of the population. Accordingly, two key components enable GAs to handle multiple
objectives: (1) selection based on a non-domination principle, and (2) selection based on

crowing distance computation.

y
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Objective 1

Figure 2.10: : Illustration of non-domination and crowding for a two-objective mini-
mization problem
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2.4.2.1 Non-dominated sorting

The non-dominated sorting procedure assigns domination ranks to individuals in the
population based on their multiple objective values. A candidate solution X dominates Y,
if X is no worse than Y in all objectives and if X is better than Y in at least one objective.
For example, in Figure P.10, solution B dominates solution C, whereas solutions A and

B are non-dominant.

Rank=1
Sol Objl  Obj2
Population 1 02 0.2

Sol _ Objl Obi2 3 06 008 >
1 0.2 02 —p| 4 018 05
2 04 02 6 018 04
3 0.6 0.08 10 0.4 0.1 =3
4 018 05 Unranked solutions Rank=2 3"
5 1 03 Sol _ Objl _ Obj2 Sol _ Objl Obj2
6 018 0.4 2 04 02 4P 04 02 |.___,
7 06 05 5 1 03 8 022 04
8 022 04 7 06 05 9 1 0.2 N 0
9 1 0.2 8 022 04 Unranked solutions e 0 0,5 1 1,5
10 0.4 0.1 9 1 0.2 Sol Objl  Obj2 /_/ Obj1

5 1 03

7 06 05

Figure 2.11: Illustration of non-dominated sorting procedure for a two-objective mini-
mization problem from a set of randomly generated population of 10 individuals

In non-dominated sorting, we start with the set of solutions that are not dominated
by any solution in the population and assign them rank 1. Next, solutions that are not
dominated by any of the remaining solutions are assigned rank 2. That is, all solutions
with rank 2 are dominated by at least one solution with rank 1, but are not dominated
by others in the population. Thus the sorting and ranking process continues by assigning
increasing ranks to those solutions that are not dominated by any of the remaining un-
ranked solutions. After non-dominated sorting, we are left with subsets of the population
with different ranks. Solutions with a given rank are not dominated by solutions that
have the same rank or higher and are dominated by at least one solution with a lower
rank. Therefore, with respect to Pareto optimality, solutions with lower ranks should be
given priority. The non-dominated sorting procedure is illustrated for a two objective

minimization problem in Figure 2111

47



Chapter 2. Soft Computing based methods

2.4.2.2 Crowding distance computation

Apart from finding solutions in the Pareto front, it is also essential to achieve good
coverage or spread of solutions in the front. The diversity of solutions in the objective
space is usually maintained using crowding distance computation for doing so. Each
solution in the population is assigned a crowding distance, which estimates how dense the
non-dominated front is in the neighborhood of the solution.

Therefore, the higher the crowding distance of the solution, the more diverse the
solution is in the non-dominated front. For example, in Figure [2.10, solution A is less
crowded, and hence more diverse, than solution B.

The selection operator in multiobjective GAs uses the non-domination principle and
also typically acts as a diversity preserving operator. As an example, a non-dominant
procedures which is based on niching strategy [92], uses an individual comparison operator
to compare the quality of two solutions and to select the better individual. Both the rank
and the crowding distance of the two solutions are used in the comparison operator, i.e the
rank of the two individuals are considered and the solution with a lower rank is selected.
If the two individuals have the same rank, then the solution with the highest crowding

distance is selected.

2.5 Fuzzy logic

Fuzzy logic was invented by Lotfi A. Zadeh, a professor at the University of California,
Berkley, who developed fuzzy set theory in 1965 [109]. He being an expert in control
engineering realized that control theory was unable to solve many complex real system
problems.

As a short term, fuzzy logic can be viewed as a logical system that aims at a formal-
ization of approximate reasoning. As a long term, fuzzy logic is used as a synonym for
fuzzy set theory which has several branches such as fuzzy arithmetic, fuzzy mathematical
programming, fuzzy topology, fuzzy graph theory, fuzzy data analysis, and fuzzy logic,

among others [86].
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The contribution of fuzzy logic to the area of soft computing is to introduce flexibility
in classification, querying and problem solving, and to capture imprecision when there is
lack of information [IT0]. In this context, fuzzy logic brings an effective way of compressing
and representing knowledge through the use of linguistic variables, linguistic values, and

fuzzy if-then-rules.

2.5.1 Principal concept

The basic concept underlying fuzzy logic is that of a linguistic variable, that is, a
variable whose values are words rather than numbers (such as small and large). Fuzzy
logic uses fuzzy sets to relate classes of objects with unclearly defined boundaries in which
membership is a matter of degree.

As an example, in the theory of conventional sets, an element belongs or does not
belong to a set, so the degree of membership of an element in a set can be only zero or
unity. However, in the theory of fuzzy sets, an element can belong more or less to a set,
thus, the degree of membership of an element in a fuzzy set can take any value in the
range of [0,1]. What differentiates the two theories arises from limitations of defined sets.
In classical theory the contours of the sets are "net”, although for the fuzzy sets contours

are gradual, or fuzzy as shown in Figure 2.12

Fuzzy contours

B
X
x doesn't belong neither to A neither to B
y fully belongs to set A
z fully belongs to A
Net contours w partial belongs to B
A : Classical set B : Fuzzy set

Figure 2.12: Comparison between classical and fuzzy sets
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2.5.2 Fuzzy set and Membership functions

As mentioned previously, a fuzzy set is an extension of a crisp set where an element
can only belong to a set (full membership) or not belong at all (no membership). Fuzzy
sets allow partial membership which means that an element may partially belong to more
than one set. A fuzzy set A is characterized by a membership function p4 that assigns to
each object in a given class a grade of membership to the set. The grade of membership

ranges from 0 (no membership) to 1 (full membership) written as,

Jy U — [0, 1] (25)

which means that the fuzzy set A belongs to the universal set U (called the universe of
discourse) defined in a specific problem. A membership function defines how each point
in the input space is mapped to a degree of membership.

For example, consider the set of membership functions for a set of tall people shown in
Figure .13 If the set is given the crisp boundary of a classical set, it can be considered
that all people taller than 1.7meter are considered tall, while those less than 1.7meter
are short. But, such a distinction is not fully realistic. If one would however consider
a smooth curve from ”short” to ”tall”, then the transition would make more sense. A
person may be both tall and short to some degree. The output axis would be a number
between 0 and 1, known as the degree of membership in a fuzzy set of height.

The value p4(z) in Eq. (2) measures the membership or the membership degree to
which an element x belongs to the set A. Then, each fuzzy set can be represented by
its membership function. The membership functions may be symmetrical, consistently
distributed or have a non-uniform distribution. In general, the shape of membership
functions depending on the application and the quantity to be modelled may have different

shapes: triangular, Gaussian or trapezoidal function, etc. [L09L111]112]
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Figure 2.13: Illustration of membership functions for a set of tall people (a) crisp set
(b) fuzzy set
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Figure 2.14: Triangular membership function
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Figure 2.15: Gaussian membership function
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Figure 2.16: Trapezoidal membership function

2.5.3 Fuzzy logic rules

The use of fuzzy sets allows the characterization of the system behaviour through
fuzzy rules between linguistic variables. A fuzzy rule is a conditional statement R; based

on expert knowledge expressed in the form:

R,: IF x is small THEN vy is large (2.6)

where x and y are fuzzy variables and small and large are labels of the fuzzy sets. If there

are n rules, the rule set is represented by the union of these rules i.e.,

R=R, else Ry else .. R, (2.7)

A fuzzy controller is based on a collection R of control rules. The execution of these
rules is governed by the compositional rule of inference [I13]. The relationship between
the premise and the consequence of the rule is determined by a fuzzy inference, then the
degree of truth is defined by a membership function which depends on the degree of truth
4 and pp of the two elementary propositions.

The most common inferences for the determination of the membership functions re-

sulting from the fuzzy scheme are given by:
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The inference of Mamdani:

pr(X,y) = min(pa (x),us(y)) (2.8)

The inference of Larsen:

(%, y) =pa(x) - ps(y) (2.9)

2.5.4 Fuzzy system controller

Unlike conventional techniques, fuzzy logic does not use accurate formulas or specific
mathematical relationships [114]. However, it controls the inferences with several fuzzy
rules based on fuzzy operators such as AND, OR, THEN ...

The general structure of a fuzzy logic controller is presented in Figure 27 and

comprises of three principal components:

Knowledge Base

Y

Inputs Output

A -

‘j ,/"i i :
u 1 t . T
- : P | Z |NS

Inference Engine
(decision making logic)

P . Defuzzification
Fuzzification Interface . -
Interface

Figure 2.17: Basic configuration of a fuzzy logic controller

2.5.4.1 Fuzzification interface

Fuzzification allows to define membership functions for the linguistic variables. It

converts input data into suitable linguistic values using a membership function. This
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operation is a projection of the physical variable to the fuzzy sets by characterizing the
variable. In addition, it allows an accurate measurement of the degree of membership of
the input variable for each fuzzy set [115].

On the other hand, the membership functions defined over the so called universe of
discourse (the expected range of variation) of the input variables are applied to their

actual values, to determine the degree of truth for each rule.

2.5.4.2 Fuzzy interface inference

The interface inference consists of three blocks:

e The knowledge base consists of a database with the necessary linguistic definitions

and the control rule set.

e The rule base consists of a set of relations linking the input variables to the output
variables of the system to be adjusted. The truth-value for the premise of each rule
is computed and applied to the consequence part of each rule. This results in one

fuzzy set to be assigned to each output variable for each rule.

e The inference engine performs the digital processing of inference rules, described
by fuzzy operators for linguistic or fuzzy output. It simulates a human decision
making process in order to infer the fuzzy control action from the knowledge of
the control rules and the linguistic variable definitions. Thus, all of the fuzzy sets
assigned to each output variable are combined together to form a single fuzzy set for
each output variable. This operation is made by different methods, that are cited
as: the inference method max-min, max-product and sum-product. Each of these

methods uses a special digital processing operator of fuzzy logic [115].

2.5.4.3 Defuzzification interface

It Converts an inferred fuzzy output set into a a crisp (non-fuzzy) number. During

this step, the deduction of the digital output data is obtained from the fuzzy inference in
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order to calculate the value of a digital output variable using a set of rules according to
the degrees of membership in all fuzzy sets of the input variables and the fuzzy sets of
the output variable.

Defuzzification strategy is made by different methods, that are cited as the method of

center of gravity, maximum value method and average maximums method [116117].

2.6 Application of soft computing in modeling of nanoscale

CMOS devices

Due to the fact that simulation of nanoscale CMOS circuits has been the primary factor
driving improvements in integrated circuit performance and cost which contributes to the
rapid growth of the semiconductor industry, there is a need to develop a new theory and
modeling techniques that capture the physics of quantum transport and ballistic transport
accurately and efficiently to guide the design for nanoscale CMOS circuits [57,[70,118,[119].

But from the circuit modeling point of view even 2D solution of numerical models (non-
equilibrium Green’s function (NEGF) formalism with mode space representation, NEGF
with full 2D space representation, Monte Carlo, fully self-consistent coupled Schrodinger
and Poisson equations,) is an overkill approach in terms of both complexity and compu-
tational cost.

For analytical modeling, in general, it is difficult or almost impossible to obtain closed
form analytical models for nanodevices (analytical drain current modeling, physical mod-
eling,) [70,119-122]. Thus, models are obtained by a simplification of the full physical
model. However, the accuracy of such a model can be questionable because of the sim-
plifications made during the model development phase.

Model accuracy and simplicity are important for the design of complex systems. SC
methods would be preferable to be applied and could provide practical solutions. In this
context, this thesis presents the applicability of SC strategies especially GA and FL for

investigation and simulation of the nanoscale (multigate) CMOS-based devices.
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The obtained results will be discussed in order to show the efficiency of SC methods
for studying future nanoscale devices. SC offers several unique features that make it a

particularly good choice for these types of CMOS devices because it:

e Improves the modeling techniques of nanoscale devices which have complex and
nonlinear behavior and provides practical insight into physical phenomena in ultra-
small electronic devices without the uncertain accuracy or meticulous tuning effort

that face more rigorous nanoscale models.

e Improves the computational performances in term of high complex structures and
low computation time in comparison with the classical analytical or numerical meth-

ods

e Offers better performance in flexibility and suitability for the compact models to be
incorporated into circuits electronics simulators. Thus, allow to designer to jump
to a step towards a new generation of simulation tools allowing device engineers to

explore new classes of electronic devices.
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Chapter 3. Compact modeling of drain current model including quantum effects in
nanoscale DG MOSFET

3.1 Introduction

As the MOSFET gate length enters nanoscale field, short channel effects such as
threshold voltage roll-off and drain-induced-barrier-lowering become increasingly signifi-
cant, which limit the scaling capability of MOSFET design [53l[123]. Downscaling MOS-
FETs to their limits is a key challenge faced by the nanoelectronic industry. Therefore,
new designs and structures become necessary to overcome these challenges. The multi-
gate design, particularly the Double Gate (DG) MOSFETs(Figure [B2),have the big
importance emerging in nanoscale CMOS circuit design. This is mainly due to the supe-
rior control of short channel effects (SCEs) because of the reduced influence of the drain
voltage on the channel charge. An accurate information extraction about the current-
voltage (I-V) characteristics requires the solution of Schrédinger and Poisson equations
based on the non-equilibrium Green’s function (NEGF) formalism, assuming quantum
effects are to be fully accounted [124]. But from the nanoscale CMOS circuit design
point of view even 2-D solution of numerical NEGF is an overkill approach in term of
both terms: complexity and computational cost [124]. In this regard, therefore, a high
computational speed is necessary if the model is to be implemented in circuit simulators
(PSPICE, CADENCE,SYNOPSIS, ).

For analytical modeling of semiconductor devices, the Gradual Channel (GCA) model
is widely used for analytical semiconductor device modeling. This model, based on first
two moments of Boltzman transport equation (BTE), is simple with powerful methods
for device simulations. On the other hand, it is well known that GCA model has not
accuracy enough for simulation of deep-submicrometer devices in which, rapid changes and
confinement of eclectic field, and non-local effects such as velocity overshoot and quantum
effects are pronounced [IT8[125,1T26]. Recently, several papers have been published to
model the nanoscale DG MOSFET [127HI33]. However, in these publications, simple
and accurate closed expressions for quantum capacitance, channel length modulation and
drain current were not provided, thus limiting the models which will be used by the

designers.
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In the present chapter, we present an efficient and systematic techniques for nanoscale
DG MOSFETSs modeling, where simple and accurate device models can be automatically
achieved from a computational process to maximally reduce human trial and error efforts.

Since the inversion charge is one of the key parameters defining electron mobility,
charge concentration and drain current models for nanoscale DG MOSFETs, their eval-
uations are of prime importance for reliability application and circuit performance im-
provement for nanoscale electronic devices.

The developed models should be able, including quantum effect (QE) and short chan-
nel effect (SCE), to correctly represent the Current-Voltage characteristics of the nanoscale
device, and effectively capture the electrical behavior of the device due to process vari-
ations. In addition, the model should be formulated such that it can be conveniently
incorporated into existing circuit simulators for high-level circuit simulation and yield
design. Unlike the numerical models used to study the nanoscale structure, such as 2-D
numerical Non-Equilibrium Green’s Function (NEGF) formalism, which is complicated
and requires a high computation time and storage memory, the proposed approaches, Ge-
netic Algorithm (GA) and Fuzzy logic(FL), have lower complexity and lower simulation

time, which are the prerequisite of the nanoelectronic circuit simulators.

3.2 Quantum inversion charge model

The salient feature of a DG MOSFET is the thin silicon layer which is beneficial to
device scaling. Quantum effects arise due to the confinement of electron motion in the
thin silicon film in contrast to the confinement by the surface potential (or field) in bulk
devices. To obtain the quantum electrical characteristics of a DG MOS structure, one

needs to solve the Poisson equation given by,

Ad(z,y) = gewmw—mm (3.1)
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where ¢ is the electron charge, n; is the silicon intrinsic concentration,c; is the silicon
permittivity, V; is the thermal voltage, ¢(x,y) represents the 2-D electrostatic potential
distribution in the channel region, and ¢ is the non-equilibrium quasi- Fermi level ref-

erenced to the Fermi level in the source, satisfying the following boundary conditions,

¢r(0,y) =0 (3.2a)

Vys being the drain voltage, ¢ can be approximated by a second order polynomial func-

tion,using [67] as,
- Vas o

or(x) 728 (3.3)

Taur in [I34], has introduced a long channel model for the inversion charge of undoped DG
MOSFET devices based on a 1-D analytical solution of Poisson equation incorporating

only the mobile charge term as,

1% V2\ 2 Vas—Vip—¢r+Ven
Qi = Coy —QCmQ—t + (20090Q—t) +4V%In (1 +e 2V, ) (3.4)
0 0

where C,, = 50r/t0m represents the oxide capacitance per unit area, Vy, is the flat band
voltage, Vi, is the threshold voltage, and Qg is the charge coefficient which are given [134]
by Vi, = Viln (16%““’ ), Qo = (8Viesi/ts;). For silicon films thinner than 5 nm, quantum

12
gXmi Xt

confinement should be considered; it leads to a reduction of the channel charge density
and an increase of the threshold voltage. From Eq. ([8.4]), we can see that an accurate
model of the inversion charge depends mainly on the oxide capacitance and threshold
voltage. Therefore, in order to develop an accurate charge model, new oxide capacitance

and threshold voltage models, which include the quantum effects, should be introduced
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in Eq. (34).
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Figure 3.1: Classical (solid line) and qualfftum (dashed line) mobile charge sheet density
Q; of symmetric DG MOSFETS in both linear (right) and logarithmic (left) scales versus
gate voltage.

Figure Bl illustrates the definition of the threshold voltage Vj; shift due to quantum
effects and the gate capacitance C,, as well. The Vj;, shift represents the parallel shift
of Q;-V,s curves at subthreshold region with respect to the classical curve at the same
inversion charge sheet density ;. On the other hand, C, degradation is the difference
between the both slopes of -V, classical and quantum curves at linear region. In
order to estimate the inversion charge behavior including quantum effect, it is required to
develop a new analytical model with quantum corrections based on the classical model.
In other word, two distinctive quantum effects, threshold voltage shift as a function of
the silicon film thickness and the quantum degradation of inversion layer capacitance,
should be implemented as effective quantum threshold voltage and equivalent quantum

oxide capacitance respectively.
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3.3 Quantum correction using Genetic Algorithm

3.3.1 DG MOSFET: Design description

The basic structure of the DG MOSFET investigated in this Chapter is shown in
Figure B2 As MOSFET feature size moves into nanoscale regime, canonical carrier
transport theories are no longer capable of describing carrier transport accurately. The
canonical theories are basically derived from the Boltzmann transport equation (BTE),
with more or fewer approximations being made [I28]. These models focus on scattering-
dominant transport, which typically occurs in long channel devices. However, transistors
operate in ballistic or quasi-ballistic transport regime. Simulations using conventional
models may either under predict or over predict the electrical device behavior [128-130].
Figure shows the cross-sectional structure of the DG MOSFET investigated in this

chapter.

R Ve

Source
D_raln

—+
«

G_ate l

Figure 3.2: Schematic sketch of symmetrical DG MOSFET structure investigated in
this study with (channel doping Ny = 10%cm ™3, t; represents silicon thickness and t,,
is the oxide thickness).
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The substrate is p-type Silicon with a thin channel thickness, and doped concentration
is 10°em 3. The source and drain are of n-type with doped concentration of 10%°cm=3.
The design of an optimal DG MOSFET will require new insights into the underlying
physics, especially electrons transport in the channel region. Quantum-mechanical con-
finement of electrons significantly affects the electrical characteristics of highly scaled
MOSFETs.

Therefore, an analytical DG MOSFETs modeling with arbitrary Si-film thickness (less
than 5nm) is needed for physical insight as well as for a reliable device model. To simulate
nanoscale DG MOSFETSs, the Non-Equilibrium Green’s Function Formalism (NEGF)
provides one of the best frameworks available [125,[131].

However, Artificial Intelligence techniques (AI) have been recognized as an impor-
tant approach for the semiconductor device computer-aided design area in addressing the
growing challenges of designing next generation of nanoelectronic devices, circuits, and
systems [1241[129]. The Al-based methods represent important steps towards automat-
ing the device modeling process. However, because the evolutionary techniques have to
learn the device behavior from numerical or experimental databases without using exist-
ing device physical models like: drift-diffusion (D-D), hydrodynamic and gradual-channel
approximation (HGCA), which make the reliability of the Al-based model low and ques-
tionable.

In the next point, we present alternative approaches based on evolutionary and intel-
ligent techniques to achieve reliable, accurate and simple compact models by the concept

of quantum correction for nanoelectronics circuit simulations.

3.3.2 Drain current model

One of the approaches for mapping between the accurate and approximate models is
to correct approximate model parameters so that simulation results based on approximate
model, mimic the accurate simulation results. Based on the efficiency proven by NEGF

formalism for the modeling of nanoscale DG MOSFETSs and the difficulty imposed at the
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moment by the constraints of the nanotechnology (sub-50nm) to form an experimental
database [124,[129], we have used the NEGF formalism as accurate model.

The gradual channel approximation (GCA), which assumes that the quasi Fermi po-
tential stays constant along the direction perpendicular to the channel, is used in our
study as an approximated model. Accurate models for long channel double-gate MOS-
FETs [130], [57,85,135] have been recently developed using the conventional approaches,
showing good agreement with 2-D numerical simulations.

The inclusion of short-channel effects SCEs in undoped multiple gate MOS models,
using physical equations and without decreasing the order of continuity of the devices,
is still a modeling challenge. For devices with channel lengths shorter than 50 nm, the
drift-diffusion mechanism may not be the dominant transport mechanism. Ballistic or
quasiballistic transport may occur. Adequate models for nanoscale devices must consider
the balllistic or quasi-ballistic regime [136,137]. The drain current of a symmetrical DG
MOSFET assuming gradual channel approximation is given by

dr(x) dor(x)

F T.y)—
Ips = qpess(z, y)n(z,y) T = ey (z,y)n ey ‘Z’F}T (3.5)

where pi.rs is the effective electron mobility, n(z,y) represents the free charge concentra-

tion in the channel region.

3.3.3 Modeling methodology

In GA, variables of a problem are represented as genes in a chromosome, and the
chromosomes in the population are evaluated according to their fitness values. Given a
random initial population GA operates in cycles called generations. The problem to be
solved is defined in terms of an evaluation function (fitness function), which is used to
evaluate the chromosomes. A chromosome evaluated as having a high fitness value is likely
to be a good solution of the problem. Implementation of GA requires determination of six
fundamental issues: chromosome representation, selection function, the genetic operators,

initialization, and evaluation function [92]13§].
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As it is shown, the parameters ji.ss(z,y),n(x,y) and ¢p(x) in Eq. (B3) are proper
for this purpose. In our approach, Genetic Algorithm (GA) generates the optimal and
corrected distribution of these parameters, which are inserted in the approximate model
(GCA) to produce simulation results close to the accurate model (NEGF). Figure

shows the proposed GA-based approach block diagram.

Solving GC approximate model
(Eq. 3.5)

'

Classical inversion charge model
(Eq. 3.4)

N|

>y

Corrected oxide capacitance model
(Eq. 3.7b)

Reproduction of GAs l
operators Corrected threshold voltage model
(Eqgs. 3.7c and 3.7d)

A ¢

Corrected inversion charge model
Eags. 3.7 in Eq. 3.4

'

Optimization of corrected inversion charge Accurate inversion charge model
model using GAs (NEGF simulations)

No Meet stopping
criterion?

Quantum inversion charge model
Eq.3.8

,

Quantum effective mobility model
Eq.3.13

v

Quantum channel length modulation model
Eqgs.3.14 and 3.15

v

Quantum drain current model
Eq. 3.11

v

Implementation into circuit simulators library

Figure 3.3: Flowchart of our charge-based computation approach
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According to Eq. (3 and Eq. (B3], in a semiconductor device, basic variables are
electron distribution (n), potential distribution (¢), quasi Fermi potential (¢r) and the
effective electron mobility (s.sr). Therefore, these electrical parameters distributions
have been used for training and optimisation of GA to generate optimized and accurate
analytical model to study the nanoscale DG MOSFETSs. In the present study, a mean

squared error of each parameter, Par, the generation is taken as the fitness function,

2

1 Par — Parga—
P ST Ry e e 30

Vas Vgs tsi tox L

where f is the fitness value, Parga_ana is the predicted parameter based on GA and
analytical computations; Paryp s represents the target function (numerical results based
on 2-D numerical, NEGF, simulation); and M represents the number of samples (database
size).

It is aimed to minimize this fitness function, for each parameter, in order to develop ac-
curate simple compact drain current model for nanoscale DG MOSFETSs. In this context,
new oxide capacitance C,,;, and threshold voltage V};, expressions that include quantum
effects should be implemented in Eq. (34)).

The quantum oxide capacitance C,,, can be defined as the series combination of the

C,; and the inversion capacitance par unit area. It is given by the following expressions:

COZ'
Cozqg = m (3.7a)
C
Copg = ———=—— 3.7b
! 1 + glcomtsi ( )
Ving = Vin + 0Ving (3.7¢)
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where Y7 represents the centroid. This latter is mainly depends on the applied gate voltage
and the channel thickness. In [I18], the inversion layer at the centroid was modeled
by assuming that the centroid was at the quarter of the channel thickness. If we get
Yi/es = &itsi, Eq. (BTa) can be rewritten as Eq. (B.70)

The variation of the quantum threshold voltage, Vr, , as function of channel thickness
can be given in Eq. (8.7d), with 6V}, represents the threshold voltage shift due to the
quantum effects; and it is given by Eq. B.Zd). & and & are fitting parameters which will
be calculated using GAs as it is shown in figure

Now, substituting the quantum oxide capacitance, Coy, , Eq. (B.7D) and the quantum
threshold voltage, Vr, ,Eq. (B7d) into Eq. ([3.4]), a new inversion charge model can be

given as,

o - V_t% V_t% 2 ) vgsfvfbff\ijvTHVTq
Qiqg = Cowg | —2C0sq 0 + QCoqu +4Viin(1+e th (3.8)
0 0

The fitting parameters (§; and &) in Eq. (B:8)) can be extracted using Eq. (B.0).

3.3.4 Results and discussion

For the purpose of GA-based optimization of Eq. ([B.8), routines and programs for GA
computation were developed using MATLAB 7.2 and all simulations are carried out on a
Pentium IV, 3GHz, 1GB RAM computer. For the implementation of the GA, tournament
selection is employed which selects each parent by choosing individuals at random, and
then choosing the best individual out of that set to be a parent.

Scattered crossover creates a random binary vector. It then selects the genes where
the vector is unity from the first parent, and the genes where the vector is zero from the
second parent, and combines the genes to form the child. In our case, the crossover rate
and the mutation rate are equal to 0.8 and 0.2 respectively.

An optimization process was performed for 20 population size and maximum number

of generations equal to 100, for which stabilization of the fitness function was obtained.
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The obtained results of the proposed approach are presented for the studied device in two-
dimensional space. The transistor length is 20 nm with 20 mesh points and its thickness
is bnm with 5 mesh points. Therefore, simulation data are 2D matrixes of 20 x 5. The

quantum simulations, self-consistent computations, have been carried out using 2D Silvaco

and nanoMOS2.5 numerical simulator tools [139,[140].
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Figure 3.4: (a) Classical and optimized quantum oxide capacitance versus film thickness
(b) Classical and quantum threshold voltage versus film thickness
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Figures [3.4(a){and [3.4(b)[show the variation of the optimized quantum oxide capac-

itance and the optimized quantum threshold voltage, as function of channel thickness.
As it is shown in Figure the conventional capacitance C,, doesn’t change with
thikness. However, the behavior of the optimized quantum capacitance tends to decrease
with respect to the silicon thickness according to Eq. (8.7D). In Figure a good
agreement between our optimized threshold voltage model and numerical model was ob-

tained.

sd
T

Carrier concentration (10'? em™?)

¥ (nm)

Figure 3.5: Influence of the film thickness on the electron concentration distribution

Figure presents the influence of the film thickness on the electron concentra-
tion distribution, in which the quantum distribution of charge is obtained by coupling
Schrodinger equation to Poisson’s equation. For the device with a very thick body, the
carriers flow near the interfaces Si — SiO,. However, the carrier profile is modified for
thinner devices less than 5nm, where the most of the carriers flow in the middle of the

film, not at the interfaces [11§].
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Figure 3.6: Classical and corrected quantum inversion charge versus gate-source voltage

Figure shows the inversion charge density versus the gate-source voltage for
nanoscale undoped DG MOSFET. The increase and the shift of the inversion charge
density due to the QM effect are well predicted by our model, given in Eq. (8:8)). For
below threshold voltage and in the subthreshold regime, quantum and classical inversion
charge densities are close to each other. However, for a high gate-source voltage, the
electrons are strongly confined in the direction perpendicular to the Si — SiO, interface
due to the increasing influence of the vertical electric field component.

As shown in Figure B.6], an excellent fit was found between our inversion charge model

and the numerical Poisson-Schrodinger self-consistent (NEGF) simulation.

3.4 Implementation of the quantum effects in the
compact drain current model

The drain current for DG MOSFET, including quantum effects, can be calculated

from:
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Va
w
lisg = Peff T /Qiq(¢F)d¢F (3.9)
Vs

where W is the channel width. Using Eq. (8.8)) and Eq. (8.9)) and after some mathematical
manipulations, the variation of the channel voltage as function of the inversion charge can

be written as,

_ inq inq sz’q
d¢F B _Qdcoxq B V; ( Qiq * Qiq + 2@0) (310)

Writing d¢r as a function of @ and dQ in Eq. (83), and integrating between ;s and
Qiqa , We obtain:

2
W | @igs

2
— & +2Q;
[dsq = ,uefff C a + 4”(@2(13 o Qiqd) + ‘/tQO In (QO Q qd):|
oxq

QO + 2C?iqs

The charge densities at the source and the drain ends of the transistor Qi4s and Qigq

(3.11)

are respectively:

Qiqs = qu(x = 0) = Qiq(¢F = 0) (312&)

For the transistor with a very thick body, the low-field mobility pg, does not change
with thickness. However, the behavior of the effective electron mobility in very thin
channel films, tg less than 10nm, tends to decrease [I4I]. In this case, the in-depth
average values of the electron mobility and the effective electric field weighted by the
electron distribution are given [142] by

1 i
sl with Eeff = Qq

5 Qi .
1+ (EE—J;f> L+ 77253in0 28si

flejf ~ (3.13)

where FEj represents an applied eclectic field, which is considered in our study as fit-
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ting parameter. This latter is calculated using the GAs (Figure. B3), ey is the silicon
permittivity and 7 is an empirical fitting parameter n = 0.001.

For an applied drain-source voltages, more than the saturation voltage (Viu), the
velocity is practically at its saturation value in a region near to the drain end. Inside
this region, channel length modulation, region of length AL, inversion charge is relatively
constant, and the conventional transport equations (like: BTE, GCA, D-D) break down.
If we apply the 2D Poisson equation in the channel region to study the channel length
modulation [I43], then AL can be obtained as,

2
(bd + \/¢?l - ¢?lsat + ()\it—;a;>

)\evsat
¢dsat + Lot f

AL =\In (3.14)

where ¢4 is drain channel voltage, ¢4 represents the saturation drain channel voltage,
A is the natural length that depends only on the device structure, v, represents the
electron saturation velocity near the drain end and @ is a fitting parameter where 6 = 2.

(the parameters of Eq. (B.14) are well defined in Ref. [143]). So, for Vs < Vi, the channel

length modulation trends to zero, we can write the effective channel length as,

Lejy =L — AL (3.15)

In the drain current compact model Eq. (8I1), we replace channel length L by the
effective channel length value Eq. (8.15) in order to include the channel length modulation
effect.

Figure B.7 presents comparisons between target data (NEGF) and drain current data
calculated by our model, Eq. [BI1]), for both nanoscale DG MOSFET designs. We can see
that the proposed model provides a good agreement for a very wide interval of geometrical
and physical parameters for the both investigated nanoscale DG MOSFETSs in comparison
with numerical simulations. Hence, the proposed compact model can be used to predict

other combinations of input variables (Vjs, Vys, L, etc.) in full range (see chapter [ ).
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Figure 3.7: Numerical (symbols) and calculated (solid lines) drain current vs. drain
voltage

This last observation shows the applicability of GA technique to study the nanoscale
DG MOSFETS using a long channel compact current model. The forgoing results show
that our model makes it feasible to include quantum effects accurately and generally in

nanoelectronic device simulation.

3.5 Electron mobility model using Fuzzy logic com-
putation

The FL-based modeling can provide an effective representation of complex non-linear
systems in terms of fuzzy sets and fuzzy inference [I144]. Several published works [144H146]
offer extensive explanations to the fundamentals of FL and its wide range of applications.
The input-output behavior of a fuzzy system is programmable using linguistic information
in the form of IF (preconditions) THEN (postconditions) rules, describing an approximate
or qualitative knowledge of an observed process. FL is a superset of conventional Boolean

logic that has been extended to include the concept of partial truth-truth-values between
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‘completely true’ and ’completely false’. More details about this method is illustrated in
Chapter 2 Due to its simple mechanism and high performance for behavior modeling, FL
can be applied to study the electrons mobility behavior for nanoscale transistors, which

is the main objective of this work.

3.5.1 Modeling methodology

Based on the efficiency proven by NEGF for the modeling of nanoscale DG MOSFETS,
we have used the NEGF formalism to form the database which will be used to learn our

FL-based model as it is shown in Figure B.8

Numerical electrons mobility simulations

No Compact mobility model
Implementation into nanoscale
device simulators (Spice, Atlas,..)
_____________(_"_____;____(____ -
E l Fuzzification I E
i I y = Knowledge Base
: Inference Kernel I :
i 7 54- - Rule Base -
i l Defuzzification l i - Data Base -
e e |
v
Updated compact

mobility results

Figure 3.8: Flowchart of our FL-based electrons mobility computation approach

The first step of our approach consists of the compact analytical electrons mobility
model for conventional long channel DG MOSFETSs. For the long channel transistor with
thick silicon body, the low-field mobility, s, does not change with thickness and therefore,
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the study of the electron transport becomes in this case simple. However, the behavior
of the effective electron mobility for nanoscale transistors tends to decrease [141]. In this
case, the in-depth average values of the electron mobility and the effective electric field
weighted by the electron distribution (see Eq. ([3I3)) mainly depend on the inversion
charge distribution in the channel. In this context, based on the inversion charge model
proposed by Taur et al [134], a new extended model, @Q;,, (see Eq. (8.8)) called the
corrected inversion charge model of undoped DG MOSFET, in which the quantum effects
have been introduced as fitting parameters which will be determined using our FL-based
approach as it is shown in Figure [B.8

From Eq. (B3], an accurate modeling of the inversion charge concentration leads to
an accurate electrons mobility computation. So, in our FL-based computation we focus
to study the inversion charge behavior.

To define the fuzzy associative memory, we need some knowledge about how each of

these parameters affects the mobility behavior:

e Vp, shifts the whole @,y — Vs curve.
e ¢ describes the curvature of Q;; — Vs and provides a scale factor.

e &, provides a scale factor.

Based on the effect of each parameter on the Q;; — V;s characteristics, we can define

the following rules in order to develop our knowledge Base (Figure B.8)):
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Algorithm 2 FL Rules

If (the calculated curve Qi — Vys is to the right of the numerical data) then
decrease Vipq

else

increase Vi

If (the calculated curve Q;; — Vg5 is more curved than the numerical data) then
decrease &

else

increase &

If (the calculated curve Qi — Vys is over the numerical data) then

decrease &5

else

increase o

In order to implement the above rules, we have used the triangular fuzzy sets, while
defuzzification is carried out through the method of centre of area. The input and output
parameters are normalized by using the numerical database as reference. The linguistic
variables chosen for this FL-based model are the principal and secondary errors (Er_P
and Er_S) for each parameter of the compact electron mobility model. These errors can

be calculated, for each parameter, from:

- Qiq—N<VgS ~ Vthq) N Qiq—F(Vgs ~ Vthq)

Er_P(&) = Maz(Qry x) Maz(Qry ) (3.16a)
o Qiq—N(VGS ~ Vsat) Qiq—F(VGS ~ Vsat)

ErP(&) = S0 S R v 7 o (3.16b)
~ Qig-n(Vas ® V) Qig-r(Vas = Vi)

ET_S(gl, 52) = M(L;L‘(Qiq_N) — Ma,j(}(@iq_N) (316C)

where Q;;—n and @Q;,—p represent the 2D numerical inversion charge simulation and FL-

based inversion charge model, respectively. V,; is the medium voltage given by V), =

Ving+VDD

5 with represents the supply voltage.

The both errors are the input linguistic variables and the inversion charge is the final
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output linguistic variable. In this work, the principal error of each parameter represents
the drain current deviation affected, only, by the main parameter, and the secondary one
is the drain current deviation affected by a combination of several parameters (mutual
effect).

In this approach, we design a fuzzy inference system based on the past known behavior
of a target system. The fuzzy system is then expected to be able to reproduce the
behavior of the target system (Figure B.8]). Each of the input and output fuzzy variables
is assigned seven linguistic fuzzy subsets varying from negative large (NL) to positive large
(PL). Each subset is associated with a triangular membership function to form a set of
seven membership functions for each fuzzy variable. The linguistic terms chosen for this
controller are seven. They are negative large (NL), negative medium (NM), negative small
(NS), zero (Z), positive small (PS), positive medium (PM) and positive large (PL). After
assigning the input, output ranges to define fuzzy sets, mapping each of the possible five
input fuzzy values of principal error(Er_P), three input fuzzy values of secondary error
(Er_S) to the seven output fuzzy values is carried out through a rule base. Table Bl

shows the fuzzy associate memory table of the fuzzy Vr,, & and & controllers.

Table 3.1: Fuzzy associate memory table (FAM) for the fuzzy , Vi, &1 and & controllers.

Principal error Erp

NL NM Z PM PL

£ » N NL NM NS PS PM
< Q0
gs-(
S £ Z NM NM Z PM PM
v O

P NM NS PS PM PL

3.5.2 Results and discussion

From Figure B.8 the computation will iterate from an initial point until a stopping

condition is found. For each iteration, new values for the parameters will be estimated by
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the fuzzy calculator. The global RMS (Root Mean Square) error between the numerical
and the calculated results, considering all points on the database, will be updated. In our
case, we have used a stopping condition of global RMS error less than a 5%.

Figure shows good agreement between numerical and predicted results of the elec-
tron mobility for the investigated nanoscale DG MOSFETs. It is to note that our simula-
tions were carried out for a wide range of nanoscale DG MOSFET parameters (geometrical
and electrical parameters) in order to ensure the applicability of the proposed FL-based

model to study the electron mobility for the nanoscale DG MOSFETs.
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Figure 3.9: Electrons mobility characteristic calculated from the FL-based compact
model (solid lines), compared with numerical simulations (symbols) for ¢t;; = 5nm and
tor = 1.5nm

Figure shows the evolution of the Fuzzy logic parameters versus the simulation
cycle times using the computer (P.IV-3GHz). It is clearly shown that the convergence
point of the Fuzzy computation process can be achieved for 4 x 10* cycle times (several
seconds), for which the stability of the generated FL parameters was found. This result

makes the fuzzy logic-based approach as a powerful tool to study the nanoscale devices.
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Figure 3.10: Evolution of the Fuzzy logic parameters versus the simulation cycle times

3.5.3 Comparison between modeling approaches

Table gives a comparison of the effectiveness and the CPU (central processing
unit) time requirements, for the simulation of the nanoscale DG MOSFETs with various
approaches where in our proposed approaches (FL and GA-based method), computation
time should be compared to the orders of magnitude increase in computation time for more
rigorous nanoscale DG MOSFET models, such as those based on the manual parameters
computation and those obtained numerically [140].

In order to show a comparison between our proposed models and other approaches
in the field of nano-CMOS circuits simulation, table shows that the neural method
(Al-based method) is a behavioral approach of modeling where the neural model is given
as a black-box and defined by three different blocks: input vector-weight matrix and
activation function-output vector, in addition, the analytical compact models proposed
by V. Hariharan et al [128] and Q. Chen [126] et al are more complex, includes several

fitting parameters, does not take into account the very thin channel effects [128] and uses

fewer approximations [126]128)].
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Contrary, in our proposed approaches, the developed models are accurate, simple and
analytical closed expressions that include the channel length modulation, the very thin
channel effects and two global optimized fitting parameters ( & and &). The obtained
results can be explained by the fact that the GA and FL-based techniques are character-
ized as computational models based on parallel distributed processing of data. Therefore,
the GA and FL computation provides practical insight into carrier transport modeling
in nanoscale devices without the uncertain accuracy or meticulous tuning effort that face
more rigorous DG MOSFET nanoscale models. The GA and FL-based modeling is a step
towards a new generation of simulation tools that will allow device and material engineers

to explore new classes of electronic devices.

Table 3.2: Comparison between the various approaches of modeling for nano-DG MOS-
FETs

Approach Model CPU time (s) | Effectiveness of the approach
Numerical simulations NEGF [140] Numerical | Hours Accurate/ slow
Manual parameters adjustment Empirical | Hours/days Less accurate/ very slow

Analytical compact model [126,128] || Analytical | several minutes | Less accurate/ fast

AT- based model [124] Behavioral | several seconds | Accurate/ fast
Our FL-based model [147] Analytical | several seconds | Accurate/ fast
Our GA-based model [148] Analytical | several seconds | Accurate/ fast

3.6 Sammary

In this chapter, new analytical models that include quantum and channel length modu-
lation effects for undoped nanoscale DG MOSFETSs are presented. The 2-D self-consistent
computation and Gradual Channel approaches are used as accurate and approximate mod-
els, respectively. In the proposed approaches, the Genetic Algorithm and Fuzzy Logic
techniques are used for mapping parameters and generate the optimal parameters distri-
bution in a relatively short time, with no need for user intervention during the search.

These parameters are inserted into the approximated model (GCA) which is capable to
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produce simulation results close to the accurate 2-D numerical simulation.

The presented analytical models for threshold voltage, threshold voltage shift, quan-
tum oxide capacitance, inversion charge density, electron mobility and drain current over-
come problems using classical models. The proposed models have several advantages such
as accuracy, simplicity and applicability for wide device dimension range. It is to note
that the proposed models can be extended to include the hot carrier and degradation
effects. However, new models and analytical expressions should be developed in this case.

The comparisons between numerical simulations and our compact model results have
indicated that the proposed closed analytical form is particularly suitable to be incorpo-

rated in electronic device simulators to study the nanoscale CMOS circuits.

The text of Chapter 3, in part, is a reprint of the material as it appears in ” A compact
charge-based model to study the nanoscale undoped double gate MOSFETSs for nano-
electronic circuit design using genetic algorithms” by T. Bendib, F. Djeffal, and D. Arar,
Journal of Semiconductors, IOP Publishing, 2013. The dissertation author was the pri-

mary investigator and author of this paper.

The text of Chapter 3, in part, is a reprint of the material as it appears in ” Fuzzy-logic-
based approach to study the electrons mobility in nanoscale double gate MOSFETSs” by
T. Bendib, F. Djeffal, D. Arar, Z. Dibi, and A. Ferdi, IOP Conference Series: Materials
Science and Engineering, IOP Publishing, 2012. The dissertation author was the primary

investigator and author of this paper.
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Chapter 4. Design and optimization of DGMOSFETs for nanoscale circuit applications

4.1 Introduction

The Double Gate (DG) MOSFET is considered as one of the most promising devices
for downscaling below 50nm [53[123[149]. Due to the Double Gate design, the gates gain
increased electrostatic control of the channel and short-channel effects can be drastically
suppressed. Apart from the benefit of allowing a shorter channel, the DG MOSFETSs
can achieve a higher packing density due to their enhanced current drive compared to
conventional MOSFETs.

The downscaling of device dimensions has been the primary factor leading to improve-
ments in Integrated Circuits (ClIs) performance and cost, which contributes to the rapid
growth of the semiconductor industry. However, even in DG MOSFET devices, small
signal parameters and Short Channel Effects (SCEs), such as the threshold voltage roll-
off, the DIBL and the subthreshold swing degradation, cannot be neglected for channel
lengths below 100nm [53]126]149].

Several works have reported that the novel structures for DG MOSFETSs with high
performance and scalability can be used for nanoscale analog and digital circuits [I50,151].
To improve the device immunity against SCEs and the small signal parameters, new
design approaches are required to enhance the reliability and electrical performances of
the devices for nanoscale digital and analog applications.

Although numerous papers have modeled and studied the subthreshold and satu-
ration behaviours of the nanoscale DG MOSFET [53],[126H128] 130} 140} 149, 150], until
now, there are no studies to investigate the global electrical performances optimization,
subthreshold and small signal parameters, of the nanoscale DG MOSFETSs by using a
global evolutionary-based optimization technique. One preferable approach is the multi-
objective-based optimization, which could provide practical solutions for the nanoscale
CMOS circuits design. The first step of our approach consists of accurate compact mod-
eling of subthreshold and small signal parameters for nanoscale DG MOSFETs. The
different compact models can be used in our study as objective functions, which are given

as function of input design variables. The design of optimal nanoscale DG MOSFETSs
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requires new insights into the underlying physics, especially quantum mechanical (QM)
treatment of the carriers confined in very thin Si films (see chapter [3)).

Quantum-mechanical confinement of inversion-layer carriers significantly affects the
drain current behavior of highly scaled MOSFETSs [85 118, 127, 152H154]. Therefore,
an accurate analytical modeling of DG MOSFETs with arbitrary Si-film thickness is
needed for physical insight as well as for a reliable optimization approach. Nanoscale
DG MOSFETS introduce challenges to compact modeling associated with the enhanced
coupling between the electrodes (source, drain, and gates), quantum confinement, ballistic
or quasi-ballistic transport, gate tunnelling current, etc. [85]. However, in this compact
model the subthreshold parameters and the quantum confinement for very thin silicon
channels (less than 5nm) have not been taken into account. It has been shown in [I18]
127153] that using the centroid instead of Si — SiO, interface for the carrier distribution
is a good choice to model the device electrostatics. The same authors [I18,[127.[153] also
modeled the inversion centroid charge to overcome the strong variations of the surface
potential. However, in these works, a closed-form model for the drain current was not
provided, thus limiting the model use by our MOGA-based design approach.

In [127], an analytical model of the inversion charge including many fitting parame-
ters by considering channel thickness effect only and ignoring the device dimensions and
biases effects was suggested. In the proposed work, new accurate model for drain current
is introduced by correcting the pervious classical charge model in [I52] and the empirical
threshold voltage shift model introduced by [I54] to account the QM effects. These mod-
els were developed and successfully optimized according to 2-D self-consistent (NEGF)
simulation in chapter Bl Thus, the performed accurate analytical models, for subthresh-
old and saturation regimes, will be used as objective functions to optimise the electrical
performances of the nanoscale DG MOSFETs.

In this chapter, we present the applicability of multi-objective genetic algorithms op-
timization (MOGAs) approach to optimize the subthreshold and saturation behaviors
of DG MOSFET for nanoscale CMOS digital and analog applications. The key idea of

this approach is to find the best dimensions and electrical parameters of the transistor
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to facilitate and improve the circuits design strategy. Design optimization, adopted in
this work, is the process of finding the maximum /minimum of the subthreshold and small
signal parameters called the objective functions and must also satisfy a certain set of
specified requirements within constraints [I55L[156]. In the present chapter, we present an
alternative approach based on MOGAs, where the designer can specify several objective
functions simultaneously and all optimal results are presented as a hyper-plane called
”Pareto front”. The main advantages of this approach are its simplicity of implementa-
tion and provide to designer several possible solutions to choose the one that suites best

his (analog and/or digital) application.

4.2 Electrical parameters of nanoscale DG MOSFET

4.2.1 Design description of nanoscale DG MOSFET

A schematic cross section of a symmetric n-channel DG MOSFET and the definition

of the geometrical and electrical characteristics are shown in Figure K1l

Figure 4.1: Magnetization Schematic sketch of symmetrical DG MOSFET structure
investigated in this study with (channel doping N4 = 10%c¢m ™3, t,; represents silicon
thickness, L is channel length and t,, is the oxide thickness)
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As shown in the figure, t,; is the silicon film thickness, L is the channel length, ¢,,
is the oxide thickness and Np/g represents the doping level of the drain/source region

respectively.

4.2.2 Model formulation of nanoscale DG MOSFET
4.2.2.1 Subthreshold current

In the subthreshold region, the current is mainly diffusion dominated and proportional
to the electron concentration at the virtual cathode nuy,(y) [157], and hence, the current

density can be expressed as,

Jo(y) = anM (1 _ 6Vds/Vt) (4.1)

where D,, represents the diffusion constant and V; is the thermal voltage, Vs is the drain
bias and ¢ is the electron charge. nuyi,(y) is the minimum carrier concentration in the

virtual cathode and can be expressed as,

Manin(y) = 7€Vt (4.2)

where n; is the intrinsic carrier concentration, N, is the channel doping concentration,
and ¥ (y) is the minimum channel potential. The subthreshold current can be ob-
tained by integrating Eq. (4.I]) over the entire channel film thickness. It leads, after some
mathematical manipulations, to

‘/2 Ymin wrsnin

= QEK(e i —e Vi) (4.3)

where E's represents the constant electric field, Es = 2(¢,;, — ¥5:.)/tsi , V5., is the

minimum potential at (Si/5i05) interface given by ¥2. = Ymin(Zmin, 0) , Ymin represents
i = U(Tmin, tsi/2) , and K is a constant defined as K =

(quaWVin2 /LN, (1 — e7Vas/Vt) with W is the width of the DG MOSFET and g, is

the minimum potential,

electron mobility in the channel region.
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Figure 4.2: Subthreshold current as function of gate-source voltage

Figure shows the variation of the subthreshold current versus gate source voltage
for Vs = 0.4V and Vg, = 0.6V over channel length variation L = 15nm and L = 20nm.
As shown in this figure, it can be deduced that the OFF-current is important for shorter
channel length whereas it is reduced by increasing the drain source voltage. In this context,
OFF-current is decreased with increasing channel length due to the less impact of the SCEs
or due to the improved subthreshold slope as well as improved the ratio I,,/l,rs .The
comparison between numerical simulation [I39/[I40] and analytical simulation calculated

by Eq. (£3) finds out good agreement between the two models.

4.2.2.2 Subthreshold swing factor

Based on the assumption that the subthreshold swing (S) depends mainly on the
carriers concentration ny,(y) at the minimum channel potential located at the depth y
of the channel [69,[157], a compact model of subthreshold swing can be given, after some

mathematical manipulations as,

S=Sy[1+AS8" (4.4)
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where Sy = 60mV /dec represents the ideal value of the subthreshold swing, and AS is

the subthreshold swing degradation coefficient given as,

(— sinh (%)) [ + sinh (%)

AS = 4.5
sinh (2) (45)
with 8 = % where \ = 1/% represents the natural length of the studied

device, £, and e,, represent the silicon and oxide permittivity, respectively, and .,
represents the minimum surface potential location which depends on electrical and geo-

metrical parameters of the DG MOSFET [157].
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Figure 4.3: Subthreshold swing versus channel length

Figure [43] plots the subthreshold swing as a function of channel length calculated
from our compact model according to Eqs. ([@4]) and (ZH), for DG MOFET structure.
It can be deduced that the subthreshold swing increases rapidly as the channel length
down and reaches the ideal value when (a) L > 30nm for tg; = 3nm (b) L > 40nm for
ts; = Snm. As shown in this figure, the subthreshold swing is reduced with decreasing the

thickness width t;; down to 3nm, due to the decreased naturel length A and consequently
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the decreased subthreshold swing degradation AS. Furthermore, subthreshold swing S
decreases as channel length L increases due mainly to the suppressed SCEs.

The comparison of the subthreshold swing evolution with numerical simulation [139]
[140] for various cases, shows that the DG MOSFETSs provides better subthreshold swing
and can be expected to have an ideal subthreshold swing factor 60mV /dec which is a good
indicator validating our assumptions about the immunity against (SCEs) particularly

when compared to 2-D self-consistent (NEGF) formalism.

4.2.2.3 Threshold voltage roll-off and DIBL

For nanoscale DG MOSFETS, short-channel effects such as threshold voltage roll-off
and DIBL have an important impact on the device performances. Based on the surface
potential model proposed in [I57], the threshold voltage can be derived using the condition
of the minimum channel potential v, min|VgS=Vth = 2.¢p, with ¥gmin = Vs(Tmin), Vi is the
threshold voltage value, and ¢p represents the bulk potential of silicon body given as
¢p = (KT /q).In(N4/n;) where Kp represents the Boltzmann constant. The location of
the minimum surface potential can be obtained analytically by solving %ﬂggﬁ) =0 [157].
The solution of the equation miH|Vgs:Vth = 2.¢p at low drain-source voltage for very

short channel lengths can be given as,

o ~2 (Vi 2242 (sinh (55) 0 1) (20 + 2207)

1-2 (Smh (%)/sinh (%)) ' 1-2 (sinh (%)/sinh (%))

(4.6)

The threshold voltage roll-off is a consequence of the charge sharing effect and typically
considered one of the main indications of the short channel effect. The threshold voltage
roll-off is given [I57] by

AVip = Vi — VinL (4.7)
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where Vjy, 1, represents the threshold voltage for long channel devices and given by [157]
Vinr =205 +q- Na- /ey (4.8)

The DIBL effect occurs when the barrier height for channel carriers at the edge of the
source is reduced due to the influence of drain electric field, upon application of a high
drain voltage. As the voltage drop between the source and drain increases, the depletion
region under the drain can lower the potential barrier of the source-to-channel junction. If
the barrier between the source and channel is decreased, electrons are more freely injected
into the channel region [I57]. Therefore, the threshold voltage is lowered and the gate
has less control of the channel. From the threshold voltage obtained at Vs = 0.1V and
Vis = 0.3V, the DIBL effect can be extracted from the analytical model given by Eq.

(@.d). The DIBL can be expressed as,

Vin| — Vinl
V3s=0.3V thlv,;,=0.1V
DIBL = ds ds x 1000 |mV/V 4.9
(Vas = 03V) — (Vi = 0.1V) mV/V] (49)
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Figure 4.4: threshold roll-off versus channel length

Figure [4.4] depicts the predicted threshold voltage roll-off model versus the channel
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length L at Vys = 1V and Vg, = 1.5V, compared with numerical simulations where
the predicted model is based on Eqs. ({6), (A1) and (@38). It can be noted that the
threshold voltage rool-off increases rapidly as the channel length increase and reaching the
ideal value when L = 35nm with V;, = 1.5 and L = 25nm with Vy, = 1. Furthermore,
as the drain source voltage gets higher, the threshold voltage rool-off as well as DIBL
become more significant for very short channel length (L < 20) which can be explained
by the fact that the free electrons injected in the channel by applying high drain electric

field contribute essentially in the nanoscale domain.

4.2.2.4 Transconductance and output conductance

The drain current Iy, of a symmetrical DG MOSFET including quantum and mod-
ulation length effects, is given in [143,[148] as we have already mentioned in Chapter
B,

197 2
Lysq = MEffL - zqu
e oxq

2 .
9 AVI(Qgs — Qiga) +ViQoln (%)} (4.10)

where pi.r¢ represents the effective electron mobility including saturation velocity effect,
Ly is the effective channel length including channel length modulation effect, )y, is the
quantum oxide capacitance, (;,s and Q);4q are the quantum inversion charge at source and
drain end, respectively, and Q) is the charge coefficient given [134] by Qo = (8Vies;/ts).
Our explicit drain current model is extremely accurate because the concept of quantum
correction is used (see chapter []). They are accurate not only in terms of drain current
but also in terms of the derivatives such as transconductance and output-conductance.
Thus, according to the drain current expression Eq. (£I0), the transconductance and
output-conductance parameters can be calculated for different device dimensions and
applied gate and drain voltages. The transconductance and the output conductance are

given as,

oI,
s v,

Gm (4.11)
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0l

o = 4.12
9d Vo . ( )

The calculated analytic expressions of the transconductance Eq. ({.I1)) and output

conductance Eq. (£I2) are continuous and valid in all operation regions as well as the

drain current expression Eq. (410).
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Figure 4.5: Ipgs — Vpg characteristics for different gate voltages

Figure presents comparisons between numerical simulations data [139,[140] and
drain current data calculated from Eq. (£10) for the nanoscale DG MOSFET. We can see
that the proposed models provide a good agreement for a very wide interval of geometrical
and physical parameters for nanoscale DG MOSFETSs in comparison with numerical sim-
ulations. The physical soundness of the analytic model for short channel DG MOSFETs
and the validity of the modeling procedure including SCEs and QE have been validated in
Chapter [Bl by the well-agreeing drain current plots for all operation regimes over a wide
range of channel lengths and channel thickness. Hence, the proposed compact models can

be used as objective functions in our MOGAs-based approach.
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4.3 MOGA-based optimization

Recently, evolutionary computation techniques (EC) have been recognized as an im-
portant approach for the semiconductor devices computer-aided design area in addressing
the growing challenges of designing next generation of nanoelectronics devices, circuits,
and systems [I50,158]. Evolutionary-based optimization technique has been defined as
finding a vector of decision variables satisfying constraints to give acceptable values to
all objective functions [I50], [I55,156L158]. The MOGAs differ from most optimization
techniques because of their global searching carried out by one population of solutions
rather than from one single solution. An ideal multi-objective optimization procedure
constitutes of two steps. The first is to find some optimal solutions corresponding to mul-
tiple objectives considered in research space. The next step is to choose the most suitable
solution by using higher level information. Due to the simple mechanism and high per-
formance provided by MOGAs for multi-objective global optimization, MOGAs can be
applied to study and improve the nanoscale DG FET-based circuits design strategy.

The main step of our approach consists of compact models of subthreshold and small
signal parameters for DG MOSFETSs defined previously. These compact models will be
used in the next section as objective functions, which are given as function of input design

variables.

4.3.1 Computation methodology

For the purpose of MOGAs-based optimization of electrical performances of the DG
MOSFET, routines and programs for MOGAs computation were developed using MAT-
LAB 7.2 and all simulations are carried out on a Pentium IV, 3GHz, 1GB RAM computer.
For the implementation of the MOGAS, tournament selection is employed which selects
each parent by choosing individuals at random, and then choosing the best individual
out of that set to be a parent. Scattered crossover creates a random binary vector. It
then selects the genes where the vector is unity from the first parent, and the genes where

the vector is zero from the second parent, and combines the genes to form the child.
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An optimization process was performed for 20 population size and maximum number of
generations equal to 100, for which stabilization of the fitness function was obtained. The

adopted multi-objective genetic algorithm works as follows [155], [156],

Algorithm 3 Multiobjective Genetic Algorithm

1: Start with a randomly generated population of ‘n’ 1-bit chromosomes (candidate solutions to the
problems):

2: Calculate the overall objective function of each chromosome ‘X’ in the population.

3: Create 'n’ offspring from current population using the three MOGA operators namely selection,
crossover and mutation.

4: Replace the current population with the updated one.

5: Repeat the above steps until the termination criteria is reached.

The MOGAs parameters were varied and the associated optimization error was recorded.

Based on the assumption that the subthreshold swing and the DIBL effect are linearly
correlated, suggesting that the degradation of these parameters has the same origin and
perfectly controlled by the natural channel length [I59], [I60]. Hence, the optimization of
the subthreshold swing leads to the optimization of the DIBL. Therefore, the optimization
of the electrical behavior of the DG MOSFET can be reduced from six MOGAs problem
to five objective functions. Therefore, five objectives are considered in this Chapter, i.e.
subthreshold swing degradation coefficient AS, OFF-state current I5,,(V,, = 0V), thresh-
old voltage roll-off AV}, (X)), transconductance g,,(X) and output conductance ggs(X).
So, the obtained design can provide the best electrical performances by satisfying of the

following objective functions:
e Minimization of the OFF-current state:Ippp(X)

Minimization of the subthreshold swing degradation coefficient:AS

Minimization of the threshold voltage roll-off: AV}, (X)

Maximization of the transconductance function:g,,(X)

Minimization of the output conductance function:ggs(X)
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where X represents the input normalized variables vector which is given as X = (t4, tos, L,
Vs, Vas). It is to note that the input vector can be extended to include other design
parameters like: overlap and underlap lengths, channel doping profile, source and drain
region lengths. The overall objective function is obtained by given weightage based on

"Weighted sum approach method’ as follows,
F(X) = wi(1/gm(X)) + wolopr(X) + wsAS(X) + wiAVi(X) + wsgas(X)  (4.13)

where w; (i=1-5) are weight functions satisfy Y w; = 1 [150].

Introduction of design parameters

(L; tsi: tox; Vgs; Vds)

Validated subthreshold Validated saturation
parameters parameters

Formulation of the objective
functions

A

MOGA-based DG MOSFET
optimization

Implementation of the optimized design into
the simulator library

k.

Nanoscale circuits simulators

Figure 4.6: Flowchart of the proposed approach for nanoscale circuits optimization

If high derived current, low power dissipation and high commutation speed transistor

are the required parameters by the devices designer. Therefore, the transconductance,
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OFF-state current, subthreshold swing, output conductance and threshold voltage roll-off
are equally important. Hence, w; (i=1-5) can be assigned equal values as 0.20. Lower
value of OFF-state current is needed to design a transistor with low power dissipation
and high transconductance and commutation speed values are needed to improve the
transistor performances in circuits design. It is to note that the optimization of the
transconductance and OFF-state current leads to increase of the ON-state current, and
therefore an increasing of the ratio can be obtained by the proposed approach. Given
the clearly defined problem to be solved and a bit string representation for the candidate

solutions, the MOGA based-optimization follows the flowchart presented in Fig.

4.3.2 Results and discussion

The database used for validation and optimization of the device configuration is built
on the basis of numerical model of the current-voltage characteristics of a nanoscale ultra-
thin body DG MOSFET developed using the non-equilibrium Green’s function formalism
(NEGF) [140] (see chapter [). The developed MOGA-based approach can be used as the
interface between device compact modeling and circuit simulators like SPICE, Cadence,
and Anacad’s Eldo in order to optimize the electrical circuit performances. A simplified
overview is shown in Fig. @ For the optimized configuration, the normalized overall
objective function, was 8.70 x 1073 and almost 100% of the submitted cases were learnt
correctly.

Figure 7] shows the variation of normalized overall objective function as function
of generation number where the minimum objective function can be reached for 2000
iterations. The steady decrease in the subthreshold and small signal parameters of the
best solution in each generation until it reaches a best possible value can be attributed to
the selection procedure used namely tournament selection.

Final optimized DG MOSFET parameters are summarized in Table [AT]

98



Chapter 4.

Design and optimization of DGMOSFETs for nanoscale circuit applications
1,0 R )
% + Best fithess=8.70E-003
0”
S 08| KX
= K
.g 06 - ‘0‘
ks
a .
o 04| .
3 R
N ‘“‘Q‘
© 0,
£ 02} ‘0‘
= *
o .
Pz s“
00 | .
| ' | | ' | |
0 20 40 60 80 100
Generation

Figure 4.7: Variations of normalized overall objective function with generations

Table 4.1: Optimized nanoscale DG MOSFET design parameters

Symbol Quantity Design(1) [142] Design(2) [160] Optimized design
Vs Drain source voltage 1V 0.8V 1V
Vs Gate voltage 1V 0.9V 09V
[ Silicon thickness 4 nm 3 nm 2.5 nm
tox thickness of the Si0q 1 nm 1 nm 1 nm
L Channel length 10 nm 10 nm 11 nm
Objective functions
Subthreshold parameters:
AV, Threshold voltage roll-off | 2.80 x 1072V 1.14 x 1072V 6.21 x 1073V
AS Subthreshold swing 2.90 x 107! 2.02 x 1071 1.20 x 1071
IorF OFF-state current 4.22 x 1078 A/pm | 6.17 x 10715 A/pm | 3.40 x 10716 A/um
Ion On state-current 4.34 x 1078 A/pm | 272 x 1078 A/pum | 8.19 x 1078 A/um
Ion/Iorr || Ratio ION/IOFF 1.02 x 10° 1.32 x 107 2.40 x 108
Small signal parameters :
Im Transconductance 3.28 x 10t mS/um | 2.89 mS/um 3.56 x 10' mS/um
Jds Output conductance 1.86 mS/um 9.85 x 10~ mS/um | 5.64 x 10~ mS/um

99



Chapter 4. Design and optimization of DGMOSFETs for nanoscale circuit applications

4.3.3 Impact on nanoscale circuits design

In order to show the impact of the MOGAs-based approach on the design and op-
timization of the nanoscale CMOS circuits we propose the study of a single transistor
amplifier including our transistor optimization approach. The amplifier consisted of a

DG MOSFET and a current generator as shown in Figure (4.8

G

A 4
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@]
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=

Vin(t)

Figure 4.8: Nanoscale DG MOSFET voltage amplifier

The current generator is set at Iy = 1mA and the gate voltage is set to give the
optimized biasing conditions of the transistor. The gain and cut-off frequency values of
the nanoscale DG MOSFET amplifier with and without device optimization are shown in
Table The gain and cut-off frequency, for optimized design, is about 63.16 and 164
GHz, respectively. However, the gain and cut-off frequency degraded to about 29.39 and
133 GHz, respectively, for device without optimization. The gain and cut-off frequency
are given by G, = |gm/gas| and fr = gm/ (27Coyy), respectively.

From Table [4.2] it is observed that an enhancement of circuit electrical performances,
the gain and the cut-off frequency, can be obtained by using the proposed approach as

design tool to study and optimize the nanoscale circuit electrical behavior.
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Table 4.2: Optimized nanoscale single transistor amplifier design parameters

Symbol Quantity Optimized Design without
design optimization [160]

Vs Drain source voltage | 1V 0.8V

Vys Gate voltage 09V 0.9V

tsi Silicon thickness 2.5 nm 3 nm

tow thickness of the SiO2 | 1 nm 1 nm

L Channel length 11 nm 10 nm

Gy Gain voltage 63.16 V/V | 29.39V/V

fr Cut-off frequency 164 GHz 133 GHz

4.4 Summary

In this chapter, a new MOGAs-based design approach to study and optimize the elec-
trical performances of DG MOSFET for nanoscale digital and analog CMOS applications
has been proposed. The application of MOGAs in this Chapter is aimed at the maxi-
mization of electrical performances of the nanoscale DG MOSFETSs and the developed
approach has successfully searched the maximum possible ultimate electrical performances
and the input design parameters that can yield those specific performances.

Application of the MOGAs-based design approach to nanoscale single transistor am-
plifier has also been discussed. It can be concluded that proposed MOGAs-based approach
is efficient and gives promising results. It is to note that the proposed approach can be
extended to include other design parameters like underlap, overlap and series resistances.
However, new complex and compact models which include these parameters should be
developed. This MOGAs-based design approach not only benefits the modeling and op-
timization of nanoscale DG MOSFETs but also can be extended for other real world
applications.

The similar methodology can be used to study other design structures of nanoscale

multigate MOSFETSs for such application like ultra-low power application (see chapter

5.
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The text of Chapter 4, in part, is a reprint of the material as it appears in ” Electrical per-
formance optimization of nanoscale double-gate MOSFETSs using multiobjective genetic
algorithms” by T. Bendib and F. Djeffal, IEEE Transactions on Electron Devices, 2011.

The dissertation author was the primary investigator and author of this paper.

102



Chapter 5

Modeling and optimization of

subthreshold behavior for nanoscale

multigate MOSFETSs

Contents

5.1 Introduction . . . . . . . & @ i i i i v i i i i e e e e e e e e e 105

5.2 Double Gate MOSFETSs including free carrier and interfacial

trapseffect . .. .. ... . ... e e e 107

5.2.1 Description of the studied structure . . . . ... ... ... .. &
5.2.2 Model formulation . . . . ... ... ... ... .. ..., E
5.2.3 Results and discussion . . . . . . ... ... oL E

5.3 Gradual Channel Gate Stack DG MOSFETs . . ... ... .. 118
5.3.1 Description of the studied structure . . . . ... ... .. ... E
5.3.2 Model formulation . . . . .. ... ... 0oL, E
5.3.3 Miltiobjective-based optimization . . . . . . .. . ... ... .. ﬂ
5.3.4 Computation methodology . . . . . ... .. ... ... .... E




Chapter 5. Modeling and optimization of subthreshold behavior for nanoscale multigate
MOSFETs

5.3.5 Results and discussion . . . . . ... ... Lo E
5.4 Junctionless Gate All Around MOSFETs . . . ... ...... 130
5.4.1 Description of the studied structure . . . . ... ... .. ... 1311
5.4.2 Model formulation . . . . .. ... ..o E
5.4.3 Results and discussion . . . . . ... ..o E
5.4.4 Scaling capability . . . . . .. ... ... E
5.4.5 Multiobjective-based optimization . . ... ... ... ... .. E
5.4.6 Impact on nanoscale subthreshold circuit design . . . . .. .. E
5.5 Sammary . . . . .ttt s e e e e e e e e e e e e e e e e e 14

104



Chapter 5. Modeling and optimization of subthreshold behavior for nanoscale multigate
MOSFETs

5.1 Introduction

Multi gate field-effect transistors (MuGFETSs) have been reported as promising candi-
dates for future nanoelectronic technology [53L[160,161]. Research in MuGFETS for deep
submicron CMOS-based applications is currently being carried out by many semicon-
ductor manufacturers, as these devices hold the promise for pushing the limits of silicon
integration beyond the limits of classical planar technologies [12/53|I60,161]. In addition,
MuG FETSs have emerged as excellent devices to provide the electrostatic integrity needed
to scale down transistors to minimal channel lengths that allows a continuous progress in
analog and digital applications. All of these devices show high electrical performance in
the subthreshold domain, where an optimal subthreshold swing and a low leakage current
can be recorded for nanoscale applications.

However, as the channel length shrinks, the control of the gate voltage on the threshold
voltage decreases because of the increased charge sharing from source and drain. So,
the threshold voltage reduction with decreasing channel lengths, the subthreshold swing,
the OFF-current, the drain induced barrier lowering (DIBL) and the transconductance,
the most important small signal parameter which describes the transistor behavior for
analog applications, are important parameters that need to be addressed while providing
immunity against Short-Channel-Effects (SCEs) and better small signal parameter [53]
(150,159, 162, 163,

To improve the device immunity against SCEs and the transconductance parameter,
new modeling and optimization based approaches for MuGFETSs are required to analyze
and examine subthreshold behavior of the devices for digital and/or analog application.
The accuracy of these new models, that are based on physics, allow the process engi-
neer and circuit designer to make projections beyond the available silicon data for scaled
dimensions and also enables fast circuit/device co-optimization. In counterpart, the sim-
plifications in the physics enable very fast analysis of device/circuit behavior when com-
pared to the much slower numerically-based TCAD simulations. Thus, it is necessary to

develop new accurate models of MuGFETSs including design optimization approaches to
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enhance the reliability and electrical performances of the devices for technology/circuit
development in the short-term and for product design in the long-term.

One preferable approach is the evolutionary-based modeling, which could provide prac-
tical solutions for a nanoscale CMOS circuit design. We called this the ”intelligent simu-
lator” approach [124]. The key idea of this approach is to find the best geometrical and
electrical parameters of the transistor to facilitate the circuits design strategy. In order
to facilitate a device design and improve electrical behavior for high-performances digital
and analog circuits, the proposed approach suggests multi-objective functions problem.

In this chapter, we examine the possibility of developing new models assessing the
performance of our proposed MuGFETSs structures (DG MOSFET, GCGS DG MOSFET
and JLGAA MOSFET) under different combined constraints. Based on surface potential
formalism, these models are developed for the subthreshold domain in order to accurately
describe the device behavior and to facilitate the application of multi-objective genetic
algorithms optimization (MOGAs) approach which will be used to optimize geometrical
and electrical parameters of MuGFET for nanoscale CMOS digital and analog applica-
tions. Thus, the developed models are used as objective functions which should satisfy a
certain set of specified requirements within constraints [I55L[156L164]. The optimal result
is defined using weighting-sum approach which is simple to implement and provide to
designer optimal solution that suites best his application (analog or digital).

The rest of this chapter is partitioned as follows: Section [B.2] provides the modeling
approach for DG MOSFET including free carrier and interfacial trap effects. Section
and Section [E.4] propose new multigate structures GCGS DG MOSFET and JLGAA
MOSFET respectively. In these sections, analytical subthreshold models are developed,
the design parameters of these structures are optimized and the performed simulation

results are discussed. Finally, Section summarizes some concluding notes.
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5.2 Double Gate MOSFETSs including free carrier and
interfacial traps effect

It is widely recognized that double gate (DG) MOSFETSs are considered among the
most probable choices to continue CMOS performance boost beyond the conventional
scaling frontiers [12],[124,[149,165,166]. However, the use of classical physics to describe
the properties of DG MOSFETSs leads to an inaccurate prediction of their electrical char-
acteristics.

The extraction of accurate information about the subthreshold behavior requires the
numerical solution of the Schrodinger and Poisson equations including hot-carriers and
degradation effects, based on the Non-Equilibrium Greens Function (NEGF) formalism,
assuming quantum effects are to be fully accounted [124]. To avoid complexity and
computational cost of numerical solving using NEGF formalism [124], an accurate semi-
analytical modeling is considered as most aiming approach to ease the computation. This
later is necessary if the model is needed to be implemented in circuit simulators (PSPICE,
CADENCE, SYNOPSIS,...).

In nanoscale devices, the interfacial hot-carrier induced becomes a major reliability
concern. These hot-carriers result from the impact ionization in the channel near the drain
junction, which subsequently are injected into the gate oxide and give rise to a localized
and non-uniform pileup of interface states near the channel—drain junction [53,[162[167].
Recently, several papers have been published to model and study the MOSFET includ-
ing interfacial traps [53,[162,[168]. However, in these publications, simple and accurate
closed expressions for thin layer channel, surface potential and subthreshold swing param-
eters including interfacial traps and free carrier effects were not provided, thus limiting
the models use by designers. To analyze the nanoscale DG MOSFET for the digital
circuit applications precisely, it is important to develop an accurate 2-D semi-analytical
subthreshold swing model in which the hot-carrier and free carrier effects are included.

In the present section, we investigate the DG MOSFET at miniaturization limits

including the free carriers and hot-carrier degradation effects after considering the step-
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function approximation as discussed in [53|[162,[167,168] for interface charge distribution.
In this context, the Poisson equation for subthreshold regime in which the free carriers
and interfacial traps effects are included, is solved, allowing the determination of the 2-D
potential distribution along the channel. The proposed semi-analytical model explains
the effect of the channel length L, hot-carrier-induced interface charge density N; and
free carriers ¢; on the scaling capability of the thin DG MOSFETSs. The presented model
of the hot-carrier degradation effect on nanoscale thin DG MOSFETs is further confirmed

with 2-D numerical simulations [139].

5.2.1 Description of the studied structure

A detailed view of the nanoscale DG MOSFET is illustrated in figure [G.Jl The cross
sectional view of a 4-terminal n-channel DG MOSFET is shown in figure [E.Il where
the front and back gate oxides, gate materials and the gate voltages are the same. The
structure is symmetric with the doping level of the drain/source region is given by Np,g
respectively. In the figure, x denotes the direction along the channel length and y denotes
the direction along the silicon film thickness. The channel is nearly undoped to take the
advantage of enhanced mobility by eliminating the charged-impurity scattering.

In this structure, we assume the existence of an interfacial charge density (/Ny) near the
drain, thus the undoped channel region can be divided into fresh and damaged subregions.
The total length of the channel is L, the length of the fresh subregion [ is denoted by L,

whereas the length of the damaged subregion /1 can be deduced as Ly = L — L.
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Gauss’s surface

Source n*

Interfacial traps

Figure 5.1: Cross-sectional view of the DG MOSFET inner structure including the
interfacial traps distribution

5.2.2 Model formulation

Modeling of the electrical behavior of nanoscale transistors needs an accurate descrip-
tion of the complex nature of the electrons transport in the subthreshold regime inside
the channel. To this aim we used a two-dimensional potential analysis for the majority
carrier (electron) transport including the free carrier and traps effects in order to de-
velop accurate semi-analytical models and guarantee the good agreement with numerical
simulations across the full range of the applied voltages and device parameters. Based
on several works recently published [142]160,169], the application of the Drift Diffusion
mechanism (DDm) represents a great simplification, over the use of any of the other
formalisms, and provides an accurate modeling approach to study the nanoscale device
behavior in subthreshold regime. For the nanoscale devices, the solution of 2-D Poisson’s
equation, under weak inversion conditions, satisfying suitable boundary conditions is re-

quired to model the short channel effects (SCEs). Refer to figure [B.1] the 2-D Poisson’s
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equation for the channel region, without free carriers and traps effects, is given by

02’¢ (ZIZ’, y) + 02’¢ (ZIZ’, y) qNA

— 5.1
0x? dy? Esi oy
subject to the boundary conditions,

e Vs =¥ (@0) __ O¥(@y) (5.2a)

tox ay y=0
, VBers = (@, ts) £ 9 (x,y) (5.2b)

tow 8y y=ts;
¢ (0.9) = Vi, (5.2¢)
Y (L,y) = Vii + Vas (5.2d)

So, we have to resolve such boundary problem separately for each region after adding
a new condition defined on interfacial point between the free region and damaged (with
traps effects) one as, ¥ (L1, y) = V,,. where ¢,, is the oxide permittivity, ¢, is the thickness
of silicon channel. V}; is the junction voltage between the source/drain and intrinsic silicon
with V,; = (kT/q) In (N p/s/ ni), n; is the intrinsic silicon density and Vj, is the drain to
source voltage.

As it is presented in [142] for obtaining the expression of the surface potential, 1 (z),
the Gauss’s law is applied to the particular closed surface in the channel region (Figure
BI). In our case the free carrier and traps effects should be taken into account. So,
electric field for the second region (damaged) can written as,

Usi

— E(x)—+ E(z+ dx)% — E(x)dx =

; - -y

25090 2€8i 200:(:

(5.3)

In the right hand side, the first term represents the depletion charge, the second term
is the mobile inversion charge density and the last one corresponds to the interfacial traps
effects. For thin films used in this study (¢5; < 10nm), electric field E(z) in Eq. (53)

can be approximated as [T42,[169]. After algebraic manipulations the following equation
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is obtained to explain the surface potential, 14(x), for both regions as,

g (z) 1 B
—2 et @=D (5.4)

The inversion charge of long channel DG MOSFET devices based on a 1-D analytical
solution of Poisson equation incorporating only the mobile charge term is given [160]as,
o qn? aY¥s

Qir = N—Atsie R (5.5)

where £ is the Boltzmann constant, ¢ represents the electron charge.

From Eq. (&), it is interesting to point out that the exact inversion charge model
depends on the channel depth, which is expected to affect the subthreshold behavior due
to the 2-D extra potential, A¢(z,y), in the silicon film induced by the SCEs [160,170]. By
following the studies published in [T60,170,171], it can be seen that in nanoscale devices,
the extra potential induced in the silicon film due to SCEs modifies the inversion charge

density by the correction factor C'F":

L QiL
qi OF

where

L tsi
OF — / 1 / e~ @D/KT o 1 (5.7)
0 0

tsi

i

The good approximation for the extra potential described in [169] can be used to
calculate numerically C'F and, therefore, the inversion charge from Eq. (5.06) as a function
of drain and gate voltages. In region I (fresh region, 0 < z < L;) the equation to be
solved is,

d2¢sl (LL’)

1
T2~ ava (@) =D (5.8)

with A = /&bt D) = Na _ 2000 x4 % and C,, is the oxide capacitance [170].

2Coz ’ Esi tsi€si 9 tsi€si

111



Chapter 5. Modeling and optimization of subthreshold behavior for nanoscale multigate
MOSFETs

Under the following boundary conditions,

¢sl (0, y) = ‘/bz (59&)
Vo (L1,y) =V, (5.9b)

where V' represents the effective gate voltage.
The parameter A is the natural length, which characterizes the SCEs in DG MOSFETsS,
assuming that the current flows along the channel. In region II (damaged region, L; <

x < L) the equation to be solved is,

d2¢52 (1') 1
a2 eve@ =D (5.10)
with Dy = £ = 5815 + ks — &

Under the following boundary conditions,

%2 (L> y) = %z + Vds (511&)
Vo (L1,y) = V) (5.11Db)

a,lvbsl (l’) . a¢82 (l’)
O . = O o (5.11c¢)
¢sl‘x:L1 = 7Wbs2‘gc:L1 (511d)

V), represents the potential at the both regions interface can be deduced by resolving the
linear system given in Eq. (BIId)and Eq. (B.11d), which reflects the continuity of the
electric field and potential equations at x = L.

Since 15 given by Eq. (5.4]) depends on ¢;(x) (Eq. (5.6)), replacing Eq. (5.6]) in Eq. (5.4)
leads to an implicit equation on ¢;(x), which is solved numerically for obtaining ¢;(x).

After some mathematical manipulations we lead to semi-analytical expressions of the
surface potential for both regions as,

For region I:

Ry(z)

g1 = Chy exp(myz) + Crgexp(—mqyz) — - (5.12)
1
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For region II:

R
sy = Coy exp(maox) + Cag exp(—maoz) — ;ff) (5.13)
2

with C;;, m; and R;(z) calculated for filling the boundary conditions given by Eqgs. (5.9al),
(6.9D) and Eqs. G.11a), G.11D), GI11d), GI1d).

Refer to Figure it is clear that the minimum potential is located in the first region
(fresh region). So, the development of the Subthreshold swing model is mainly depends
on 1,1 behavior. Based on the previous assumption about proportionality between the
drain current and the free carriers density at the virtual cathode following the Boltzmann

distribution function, the general subthreshold swing (.5) model is given [I70] by,

. kT a,lvbslmin -
S =—1In(10) x [ v, }

p (5.14)

Hence, a closed form expression for subthreshold swing for the studied DG MOSFET
including hot-carriers degradation effects can be obtained using Eq. (5.12) and Eq. (5.14]).
A small subthreshold swing is required to provide an adequate value of the on-to-off
current ratio so that a DG MOSFET can effectively work as a switch. The subthreshold
swing of a long channel fully depleted DG MOSFET has an ideal value (S = 60mV/dec).

To have an acceptable performance, the subthreshold swing has to be close to the ideal

value.

5.2.3 Results and discussion

Figure shows the variation of surface potential along the channel for the studied
DG MOSFET. To explore better performance of our approach, the calculated potential
using conventional model, without free carrier effects, is also included for comparison.
Two interesting features can be easily observed. Firstly, the incorporation of free carriers
effect introduces a shift in the surface potential profile along the channel compared to

the conventional model, which shows the dependency between the decrease in this poten-
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tial and free carriers effects in weak inversion regime. The shift in the potential profile
screens the region near the channel centre from the variations in drain voltage and thus
ensures augmentation in subthreshold swing in comparison with conventional DG MOS-
FETs models (without free carriers effects). Thus, the incorporation of free carriers in
subthreshold parameters computations is very important in order to ensure the accuracy
of the device models.

Finally, the surface potential for both structures with traps deviates considerably from
that of the fresh device where the potential surface in the damaged region is increased
when the interface charges Ny are present. This is due to the important effect of the hot-
carrier induced localized charge density on the electrons transport characteristics (drain
current) through the channel. In addition, the profile of the surface channel potential

is altered considerably loosing its parabolic nature if the length of damaged region is

modified.

Fresh DG MOSFET without free carrier(N_=0)
- - - - Fresh DG MOSFET with free carrier(N_=0) _
------ Damaged DG MOSFET without free carrier(N.=5E11) /
————— Damaged DG MOSFET with free carrier(N.=5E11)

L=20nm !
tsi=5nm 7
0,8 tox=1nm ¥
Vgs=0.1V -
Vds=0.5V .

1,0 -

Surface potential[V]

0’4 s | s | s | s | s | s | s | s | s |

Position along channel[nm]
Figure 5.2: Surface potential distribution for the analyzed DG MOSFET with and

without interfacial traps including free carriers effects (L; = L/2, t,, = Inm, ty; = 5nm,
Ny = 10"%m=2 and L = 20nm)

114



Chapter 5. Modeling and optimization of subthreshold behavior for nanoscale multigate

MOSFETs
1E19 ¢
e Damaged DG MOSFET N=1E12 cm”
Fresh DG MOSFET
1E18 L v 2-D Numerical simulation
"E' tsi=5nm
.% L=20nm
o 1E17 Vds=0.4V
IS
€
[0]
(&)
& 1E16 k
3 3
c
o
8
m 1E15 E
1E14 | L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L
0 2 4 6 8 10 12 14 16 18 20
Channel length[nm]
(a)
1E19 ¢
E Damaged DG MOSFET N=1E12 cm™
Fresh DG MOSFET
v 2-D Numerical simulation
_ 1E18 |
‘e i tsi=10nm
% L=20nm
= Vds=0.4V
S E17E
= 3
[0]
(&)
C
o]
()
c
S 1E16 |
° £
(0]
w
1E15 |
E | | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20

Channel length[nm]

(b)
Figure 5.3: Interface charges’ concentrations along the channel length for different sil-
icon film thicknesses for the analyzed DG MOSFET with and without interfacial traps
including free carriers effects (L; = L/2, to, = 1nm, Ny = 10"%m=3 and L = 20nm) (a)
ts; = bnm, (b) tg; = 10nm

Figures [5.3(a)land [5.3(b)|show the variation of the interface charges’ concentrations

along the channel for different channel thicknesses. It is clearly shown, in Figure [5.3(a)
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and that as the channel thickness increases, the carrier concentration increases,
which means that with a little gate voltage bias, a greater amount of charge carriers accu-
mulate near the metal-semiconductor interface, causing depletion and thereby inversion
to take place quickly, resulting in lower threshold voltages and higher subthreshold swing
factor. It is shown that the model calculations are in good agreement with the simulation
results for a wide range of channel thicknesses.

110

Fresh DG MOSFET without Free carriers
- - - - Damaged DG MOSFET without Free carrier

100 |- *‘ ------ Damaged DG MOSFET with free carriers (NF=1E120m'3)
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Figure 5.4: Calculated subthreshold swing for the DG MOSFET with and without traps
as a function of channel length including free carriers effects (L = L/2, t,, = 1lnm and
ty = dnm, Ny = 10%cm=3)

Figure B.4lshows the model and simulated values of subthreshold swing plotted against
channel length, L, for fixed values of L1 = L/2 , t,, = Inm and ty; = 5nm. Comparison
with the simulated results shows clearly that the conventional subthreshold swing model,
without free carriers effects, underestimates the subthreshold swing parameter, however
an improved agreement with the simulation results [I39] is obtained when the free carrier
effect is considered. It is also observed that the subthreshold swing parameter in the
damaged device doesn’t differ considerably from that of the fresh device for longer channel

lengths. However, this difference becomes more apparent for very short channel length
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devices (less than 40 nm). This observation can be explained by the effect of the hot-
carrier induced localized interface charge density on the minimum potential value in weak
inversion regime for short channel length devices.

It is clearly shown, in Figure [E5 that the subthreshold swing is increased with
the increasing of the channel thickness, where the subthreshold swing parameter becomes
more pronounced with increasing the channel thickness. However, for thinner silicon films
the subthreshold swing parameter degradation becoming less severe due to the better gate
control of the free carrier in the channel. In addition, the inclusion of the free carriers
effects to study the subthreshold transport in nanoscale transistors, with thick channel
thickness, has major role in determining the subthreshold parameters behavior due to
the extra surface potential generated at the channel/oxide interface, which may affect the

electric field and carriers transport in weak inversion regime.

95
| —#— Fresh DG MOSFET without Free carrier
- #- - Damaged DG MOSFET without Free carrier
%0 I . m - Damaged DG MOSFET with free carrier (N_=1E12cm ) ™
I Ll
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Figure 5.5: Variation of Subthreshold swing with channel thickness for DG MOSFET
including interfacial traps and free carriers effects with (L1 = L/2, t,, = 1lnm, Ny =
10'%cm~=2 and L = 30nm)

It is to note that the quantum mechanical effects (QMESs) of both spatial confinement

and field confinement are neglected. QMEs have been researched in the literature; see for
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example Ref. [124], the authors claimed that, QMEs were small for the devices with t,;
less than 5nm. In Ref. [I72], the authors concluded that, for the undoped DG MOSFETsS,
QMEs would not affect the subthreshold swing greatly as long as t,; was not much less
than 5nm. Therefore the justification of the negligence of QMEs in this work is that
the silicon body thickness is large (¢5; more than 5nm) and the device is under weak
inversion condition, thus energy quantization, spatial confinement and field confinement

are negligible.

5.3 Gradual Channel Gate Stack DG MOSFETs

The improvement of the MOSFET structure is a challenge against the parasitic phe-
nomena appearing when the channel length shrinks down to nanoscale level. Among the
undesirable problems appearing because of miniaturization we cite the short channel ef-
fects (SCE) which is basically caused by the influence of the drain potential on the gate
control over the channel. Thus, the subthreshold behaviour is obviously affected and
became strongly dependent on channel length.

The Graded Channel Gate Stack Double Gate (GCGSDG) MOSFET has been con-
sidered as one of the most promising designs for the scaling of CMOS technology down
to the nanometer range [I57]. This is mainly due to the superior control of short channel
effects (SCEs) because of the reduced influence of the drain voltage on the channel charge.

The main goal of this section is to investigate the subthreshold behaviour of our pro-
posed Graded Channel Gate Stack Double Gate MOSFET (GCGS DG MOSFET) struc-
ture. The disadvantages offered by the conventional MOSFET especially in nanoscale
regime can open the way to examine the possibility of developing new models improviv-
ing the performances of our structure under different combined constraints. The proposed
approach for developing subthreshold models is based on the surface-potential formalism,
which will not only enable the accurate description of the GCGS DG MOSFET behavior,
but will also facilitate the incorporation of new added conditions to the whole approach

when needed. In addition, the effect of different design parameters on each subthreshold
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parameter, especially the swing factor and the OFF current, has been analyzed to de-
termine which design model meets the high speed commutation requirement closely for

digital application.

5.3.1 Description of the studied structure

A detailed view of nanoscale GCGSDG MOSFET is depicted in Figure The
whole channel is constituted of two regions low and high doping concentration regions
Ny, and Nag respectively. The total channel length of the device is L, the length of the
low doping region is denoted by Li, thus, the length of the high doping region can be
deduced by L — L;. the structure is totally symmetric with a double-layer gate stuck,
oxide and high-k layer. The doping level of the drain and source sides is given by: Np

and Ng respectively.

Drain
Source

Oxide layer (t1)
High-K layer (t2) L1

Figure 5.6: Cross-sectional view of the GCGSDG MOSFET proposed inner structure
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5.3.2 Model formulation

Refer to Figure [(.6] the 2-D Poissons equation for the channel region, without free

carriers and traps effects, is given by,

Py (x,y) +82¢ (,y)  qNa

= 5.15
Ox? 0y? Esi ( )
subject to the boundary conditions,
Veerr — , )
Ve ¥ (x,0) . M (r,y) (5.16a)
tomeff 8y y=0
e - ) tSi )
Ve =¥ @ita) _ 0P (2,y) (5.16b)
toxeff ay y=tsi
Y (0,y) = Vi (5.16¢)
¥ (L,y) = Vis + Vag (5.16d)

So, we are required to resolve the boundary problem separately according to each
region after adding a new condition defining the transition point from region I to region

IT by,
¥ (Li,y) =V, (5.17)

where ¢,, is the oxide permittivity, t,; is the thickness of silicon channel. Vj; is the junction
voltage between the source/drain and intrinsic silicon with Vi; = (kT'/q) In (Nps/n;), n;
is the intrinsic silicon density and Vjy; is the drain to source voltage.

The introduction of effective voltages at the front and bottom gates allow to alleviate

derivations for symmetric structure as follows,
Ve =Vrerr = Vierr = Vos — bms (5.18)

where ¢,,, is the gate work function referenced to intrinsic silicon and V4 represents the
gate source voltage.

The effective oxide layer thickness of insulator layer ¢, s is given by the superposition
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of the thickness of the SiOs layer t; ( €,, = &1 ) and the thickness of the high-k layer ¢,
(e9) as follow,

tosery =t + (€1/€2) - ta (5.19)

Young’s pioneer work showed that by taking a particular profile for the potential
distribution, many simplifications are provided in term of computational complexity [173].

By adopting the same scheme expressed by a parabolic profile as,
U(z,y) =a(z) +b(z)y+c()y® (5.20)

We can transform our initial boundary problem to an ordinary differential equa-
tion that is much easier to resolve. After application of the boundary conditions and

Hizy) = 0 known as the symmetry condition, yields the formula describing the

O y=tg,/2
channel potential distribution,

@)V @)V,
Esi toweff Esi tomefftSi

U, y) = () (5.21)

where 1), (x) represents the surface potential at Si/SiOs frontiers given by y = 0 and
Yy = tsi-
Substituting (B.2I)) in (5I5), an ordinary differential equation dealing only with the
surface potential is obtained,
d*y, ()

1
2 uts@=D (5.22)

The general solution of such equation is the sum of the complementary solution given
by Ajex + Aje™ % associated with the homogeneous equation and the particular solution
easily guessed to be —A2D. Thus, the general solution of Eq. (5.22) has the form ¢, (x) =
—A2D + Ajexr + Ase % where A; and A, are constants determined by satisfying the

boundary conditions,
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In region I (0 < z < L;) the equation to be solved is:

d?1)s
72;2@) B %1#31 () = D, (5.23)

. Esi-t tsi
Wlth >\2 — Sst oxef flsi and D1 — qNAL _ %V*
2e1 Esi A g

In region II (L; <z < L) the equation to be solved is:

1), 1
7ZEQ(I) ~ya¥s2 (2) = Do (5.24)

with Dy = 842 — 4V
After some mathematical manipulations, according to the boundary conditions re-
ported in (5I6d), (B.I6d) and (5IT), we deduce the surface potential in both regions

as,

¢p1 sinh (%) — (g1 Sinh (:”_—)\Ll)

3 = —\2D, + 5.25
'QD 1 (ZL’) 1 sinh (%) ( )
with ¢D1 = V;, + )\2D1 and ¢81 = ‘/bz + )\2D1
< sinh z=L1) _ inh (&=L
Yo () = —A*Dy + Oszsinh (£52) — dpasinh (557) (5.26)

sinh (%)
with ¢pe = V), + A\?Dy and ¢4 =V, + A\?D;

In order to calculate the subthreshold swing factor it is important to determine first
the minimum surface potential according to g min = min (Vg1 min, Y2 min) -

The location of the minimum surface potential along the channel is obtained by solving

the basic equation for both subregions,

8wsl,s2 (LU)

S =0 (5.27)

After solving this equation, we get the following results:

Lminl — % [Ll —Aln (M)] (528)
¢p1 — Gsre X
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¢p1 sinh (Zmnl) — ¢ sinh (Luinl=L1)

,lvbslmin = _)\2D1 + . . (529)
sinh (LT)
1 ¢D26§ - ¢s26%
Tmin2 = — Ll + L + Aln I 7 (530)
2 Gs2eX — Ppoe™™
s inh Tmin2—L1) inh Tmin2—L
¢82min - _)\2D2 + ¢ i ( A ) ¢D2 - ( A ) (531)

sinh (%)

The key electrical parameters for digital applications that indicate the impact of short-
channel effects on a MOSFET are the subthreshold swing (.5) and the OFF-state current.
The subthreshold swing is defined as the required change in gate voltage that results
in an order-of-magnitude change in the subthreshold drain current. Assuming that the
drain current I, is proportional to the total amount of the free carrier at the virtual
cathode and their density follows the Boltzmann distribution function [157], [160], [174],
the general subthreshold swing (S) model is given by:

KT Ostmin]
= —1In(1 .32
S . n(10) x [ v, ] (5.32)
The subthreshold swing can be given as,
S=Sy[1+ASs]™" (5.33)

where Sy = 60mV /dec represents the ideal value of the subthreshold swing which is
defined as the subthreshold swing for long channel devices, and AS is the subthreshold

swing degradation coefficient given as,

((v+ B) — sinh (&) — sinh (£52) — sinh (£)) v + sinh (Zmini=t1)

AS = sinh (%)

(5.34)

sinh( mm)i\" 1 )
sinh(%)

where A = H% represents the natural length of the studied device and X1

with o = sinh (%) - cosh (Ll/\_L), f = sinh (%) - cosh (%) and v =

defined previously depends on electrical and geometrical parameters of the GCGSDG
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MOSFET.
In the weak inversion region, the current is principally diffusion dominated and propor-
tional to the electron concentration at the virtual cathode. Therefore, the subthreshold

current derived for our GCGS DG MOSFET can be expressed as,

Jn(y) = annmi%(y) (1= eVe/") (5.35)

where D,, represents the diffusion constant and V; is the thermal voltage. After some

mathematical manipulations, a simple closed form of the subthreshold current can be

given [I57] as,

Al S alhS
‘/;f Ymin lz’min Ymin lz’min

]sub = QES(Kl(eTt — e Vi )-'-Kz(eTt — € Vi )) (536)

where E's represents the constant electric field, Es = 2(¢,, — ¥5..)/tsi » ¥, is the

min
minimum potential at (Si/5i03) interface given by ¥2. = ¥min(Zmin, 0) ;, Ymin represents

the minimum potential b .. = ¥(Zmin, ts;/2) and K; is a constant defined as,

Ky = (quaWVin? /LiNap)(1 — G_VP/Vt) (5.37a)
Ky = (quaWVin? /(L — L) Nag) (1 — e~ Va7 V)W) (5.37b)

with W is the width of the GCGSDG MOSFET.

5.3.3 Miltiobjective-based optimization

The most important propriety of MOGA is the global searching by population of
solutions, instead one solution, that correspond to each point in the search space. So, this
approach require several objective functions which form a complex problem to be solved
in order to give rise the best compromise among the various objective functions.

An ideal multi-objective optimization procedure is constituted of two steps. The
first is to find some optimal solutions corresponding to multiple objectives considered in
search space. The next step is to choose the most suitable solution by using higher level

information. Due to the simple mechanism and high performance provided by MOGA
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for multi-objective global optimization, MOGA can be applied to study the nanoscale
GCGSDG MOSFETs. In the present study, Pareto approach can be a suitable choice.
Pareto approach searches non-dominant solutions called Pareto optimal solutions in the
objective space. The number of Pareto optimal solutions is always not single [156],[175].
The objective in the design of optimal GCGSDG MOSFET for digital CMOS-based de-
vices is to find the better configuration of the transistor that satisfies the high working

performances in subthreshold regime.

5.3.4 Computation methodology

The first step of our approach consists of compact models of subthreshold parameters
for short channel GCGSDG MOSFETSs. It is to note that this structure is proposed by our
team [52]. Using the SILVACO software [I39] for validation of the developed analytical
models, it was observed that the formulated analytical subthreshold parameters models
can be used as objective functions, which are given as function of input design variables.
Based on the linearity dependence, between the subthreshold swing and both parameters
threshold voltage roll-off and DIBL, given in [I60], the optimization of the subthreshold
behavior can be reduced from four MOGAs problem to two objective functions. Therefore,
two objectives are considered in this study, i.e. subthreshold swing degradation coefficient
and OFF-state current. Considered the objectives, a mixture model is formulated below:

((Oé-i-ﬁ)—sinh(%)—sinh( L;Ll )—Sinh(§))'y+sinh( ”min;*h )

sinh( % )

e Minimize AS(z) =

s S
Ymin wmin Ymin lz’min

e Minimize L(2)ly, o= 20-(Ki(eVe —e Vi )+ Ka(e' Ve —e v )

where = represents the input variables vector which is given as, © = (tg, t1,t2, €2, L, L1,
Nag, Nag)-
The overall objective function is obtained by given weightage based on Weighted-sum

approach as follows:

F(z) = wiAS(z) + w2 Lup(@)ly, (5.38)

where w; (i=1-2) are weight functions satisfy > w; = 1.
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If high speed and low power dissipation transistor (high frequency digital applications)
is the device produced by this process, then both subthreshold swing and OFF-state
current are equally important. Hence, w; and ws can be assigned equal values as 0.5.
Lower values of subthreshold swing, threshold voltage roll-off and DIBL are needed to
design high speed transistor and lower value of OFF-state current is needed to improve
the power dissipation and tunnel current of the device. It is to note that the optimization
of the subthreshold swing factor leads to increase of the ON-state current, and therefore an
increasing of the ratio can be obtained by our approach. Given the clearly defined problem
to be solved, the adopted MOGA works following the steps given by the algorithm Bl [156].

The MOGA parameters were varied and the associated optimization error was recorded

(see Table [B.T)).

Table 5.1: Parameters used for MOGA-based computation

MOGA parameters Values

Population size 120

Maximum number of generations || 500

Selection Tournament
Crossover Scattered
Mutation Adaptive feasible
Crossover fraction 0.8

Mutation rate 0.01

5.3.5 Results and discussion

For this configuration, the fitness function, overall objective function, was 6 x 1073
and almost 100% of the submitted cases were learnt correctly. This resulted in 60 000

parameter set evaluations, and took about 62s to complete using Windows XP with

Pentium IV (1.5 GHz).
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Figure 5.9: Variation of OFF-state current with generations

Figures B.17 B.8 show the variation of minimum overall fitness function, opti-
mized subthreshold swing degradation coefficient and optimized OFF-state current with
generation for a maximum generation of 500.

The steady decrease in both subthreshold swing degradation coefficient and optimized
OFF-state current of the best solution in each generation until it reaches a best possible
value can be attributed to the selection procedure used namely tournament selection.
Final optimized (GCGSDG) MOSFET parameters are summarized in Table [5.2] in which
random device parameters are introduced to show the impact of the proposed approach
on the improvement of the subthreshold behavior of GCGS DG MOSFET. As it is shown
in Table [B.2 the obtained high-k dielectric material, for the optimized design, is the
SrTazOz alloy [I76]. It is to note that the gate material used in our study is the n*-
Polysilicon with the work function ¢,; = 4.2eV | and all simulations were carried out in

the subthreshold regime with V,, = 0.1V and Vg, = 0.1V,
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Table 5.2: GCGSDG MOSFET design parameters for Vs = 0.1V and V5 = 0.5V

Random Random Random Optimized
design (Casel) | design (Case2) | design (Case3) design
NAH (em™3) 1016 5 x 1016 8 x 10 9.28 x 101°
E; NAL (em™3) 10%5 1015 2 x 10% 5 x 109
% ts; (nm) 8 5 10 5.00
§ ty (nm) 2 15 2.5 1.32
§D t1 (nm) 1.5 3 2.5 1.00
‘é’ L (nm) 12 20 30 30.00
€2 40 35 20 39.58
Ly (nm) 6 8 15 14.50
= g || S (mV/dec) 129.15 81.94 77.08 60.60
g 7; Iorpr (A pm) || 3.31 x 1073 3.06 x 10-8 7.01 x 1079 | 4.23 x 10713
% 2 Vioti—off (V) -0.13 -0.036 -0.01 -1.18 x 1077
& § | DIBL (mV/V) 212.2 54.25 23.15 0.06
§ § Ion (A/ pm) 3.87 x 1073 6.1 x 1073 6.48 x 107® | 8.3 x 1073
g E Vin (V) 0.45 0.46 0.53 0.54
o Ion/IoFr 1.16 1.99 x 10° 9.24 x 10° 1.96 x 100

100
10; — Optimized design
e random design (case1)

Subthreshold current[A/um]

tts ] Vds=0.1V
1E-14 4
1E-15 . , : ; : ; : ; .
0.0 0.1 0.2 0.3 0.4 05

Vgs[V]

Figure 5.10: Subthreshold drain current variation as function of gate and drain voltages
for different device configurations
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Figures shows the impact of our MOGAs-based approach on the subthreshold
drain current behavior. An improvement at the level of the subthreshold current is ob-
served in this figure where the OFF-current is reduced from 107% A/um to 10712 A/um
and the ration Ipy/Iopp is increased that means, providing low power dissipation and
better switching characteristic required for digital application. It is clear shown that our
device configuration, optimized input vector, provides the better subthreshold electrical

performances.

5.4 Junctionless Gate All Around MOSFETSs

It’s widely recognized that Gate-All-Around (GAA) MOSFETS are considered among
the most probable choices to continue CMOS performance boost beyond the conventional
scaling frontiers. Such device offers high electrical performance in the subthreshold do-
main, optimal subthreshold swing and a low leakage current, which are the predominant
factor limiting how far the downscaling can be achieved. However, the formation of ultra-
sharp and super shallow source/drain junctions to suppress SCEs still imposes a constraint
about the doping techniques and thermal budget. To avoid these constraints, junctionless
(JL) FETs designs are considered as straightforward structures to eliminate some tech-
nical limitations of the nanoscale transistors such as ultra-abrupt junctions, allowing the
fabrication of even shorter channel devices [84L177HI79].

Achieving a high electrical performance and device reliability in the subthreshold
regime and especially in deeply scaled devices is an engineering challenge due to the
limitation of the carrier transport mechanism in accumulation mode [I80].

Although several previously published literatures have reported the long-channel an-
alytical model for JL double-gate and surrounding-gate [84][178-182], no short-channel
subthreshold swing and natural length models about the JL device have been proposed.

In this work, we present an analytical investigation to study the subthreshold be-
havior of junctionless GAA MOSFET for nanoscale CMOS analog/digital applications.

Based on 2-D analytical analysis, new subthreshold swing and natural length models for
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short-channel JLGAA MOSFETSs are proposed. The analytical analysis has been used
to calculate the subthreshold swing and to compare the performance of the investigated
design and conventional GAA MOSFET.

In the JLGAA MOSFET design, the channel region has the same doping polarity as
the source and drain. So, the investigated design has no junctions and less variability
in comparison to the conventional GAA MOSFET. The analytical models have been
validated by 2-D numerical simulations [76]. The proposed analytical models are used
to formulate the objectives functions, which are the pre-requisite of genetic algorithm
computation. The overall objective function is formulated by means of a weighted sum
approach to search for the optimal electrical and dimensional device parameters. The
effect of different design parameters on each subthreshold parameter, especially the swing
factor and the scaling capability, has been analyzed to determine which design model
meets the ULP requirement closely for nanoscale CMOS-based applications.

It is to note that the quantum effects are important for a silicon thickness of less than
10 nm, which lead to reduce the channel charge density and to increase the threshold
voltage [183]. These effects have not been taken into account in our work due to the
excellent gate control of the channel, for thinner structures, which makes the electron
distribution insignificant. Therefore, the quantum correction to the subthreshold swing

is much smaller and becomes negligible [173].

5.4.1 Description of the studied structure

A cross-sectional view of nanoscale JLGAA MOSFET is shown in Figure [B.11] where
Np represents the high doping concentration of the channel, L is the channel length of

the transistor. The structure is symmetric.
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Figure 5.11: Cross-sectional view of the investigated JLGAA MOSFET, and the coor-
dinate system

5.4.2 Model formulation

Referring to Figure [BII] by accounting for the angular symmetry of the JLGAA
MOSFET; the channel electrostatics potential is governed by the following 2-D Poisson

equation:

O (x,r) 10w (x,r) 0% (x,r) —q-Np
or? - r or * orr | ey (5.39)

where 1) (x, r) represents the 2-D channel potential, e,; is silicon permittivity and ¢ repre-
sents the electron charge. The boundary conditions for ¢ are found by satisfying continuity
of both the normal component of the electric displacement at the (Si/SiO,) interfaces,
and the potential at the source/drain sides.

Using the same parabolic potential profile in vertical direction as in [12,13] and ap-
plying the symmetry condition of O (x,r)/0r = 0 for r = 0 , we obtained the following

expressions of 2-D channel potential for the investigated design as,

Coxtsi
4552’ - 2Coa:tsi

2C,,
2€sitsi - Coxtgi

U (x,r) =1 (2)+ (ws (r) — V;) r (ws () — V;) r? (5.40)

where 1 (x) represents the surface potential (the potential at the Si/SiO; interface), €,, is
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the oxide permittivity, ¢, and t,, are thicknesses of silicon channel and oxide, respectively.

20z
ter 1n(1+2%f)
is the effective applied gate voltage given by V' = Vrerr = Vperr = Vys — dus , with

C,, represents the gate oxide capacitance per unit area C,, = , where V'
Vs and ¢prs represent the applied gate voltage and the gate work function referenced to
intrinsic silicon, respectively. For the symmetric structure, the electric field in the radial
direction is symmetric with respect to r = 0.

In Eq. (B40), accounting for effective conducting path effect (ECPE), where the most
leakage path r = d.sf is at the position between surface of r = t,;/2 and channel center of
r = 0. For the high doping channel, which is our case, the ECP is given at the (Si/SiO,)
interface as depp = tg;/2 [184]. Therefore, our investigation will be focused on studying
the surface potential behavior. In this context, an accurate surface potential modeling
leads to the development of compact subthreshold swing and scaling length models.

Substituting Eq. (5.40) in Eq. (5.39), we obtain the differential equation that deals
only with surface potential as follows,

d*s (r) 1

_ —q'N 1 *
where D = == — & - V]
From Eq. (E400), the scaling natural length of the device can be given as A\ =

2Esit5i“(jsit2

5o . It should be noted that for tsi/2>>to (if tsi/2>>1,, then In(142t,, /ts;) ~
2t o /tsi), @ new expression of the scaling length for the JLGAA MOSFET can be reduced

as,

tsi (zgsitom + 5omt )
N\ = 51 5.42
\/ . (5.42)

In Eq. (542)), the scaling natural length is derived. It is worthy to point out that A
is dependent on the depth of the effective conducting path of d.;; corresponding to the
channel doping and can be used to adjust the scaling design for different silicon channel

doping.
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The boundary conditions of the surface potential Figure [B.IT] are given as,

¥s (x=0)=0 (5.43a)

The general solution of the differential equation given in Eq. (542) can be found as,
Vs (r) = ae> +be r — A2D (5.44)

Using the boundary conditions given in Eqs. (5.43a) and (5.430), the coefficients a

L
and b can be obtained as a = (1 — ) A2D + 3V, and b = a\?>D — BV, where a = %
Sin ~
and g = L

2sinh(L/\)
After some mathematical manipulations, a closed form of the surface potential can be
expressed as,
[sinh (%) — sinh (ﬂ) — sinh (%)} A2D + sinh (%) Vis

ws (QU) = - sinh (L) (545)

To calculate the subthreshold swing, we need to find the potential minimum along the
channel. The position of minimum surface potential, z,,;,, is calculated by differentiating
Eq. (544) and equating the resulting expressions to zero. The position of the minimum

surface potential and minimum surface potential are then obtained from Eq. (544 as,

A, b
min:_l - 4
x 5o (5.46)

¢smin - 2\/CL_ - )\2D (547)

One of the biggest challenges in downscaling of deep submicron scale FETSs designed
for ultra-low power and high speed application is the control of subthreshold drain current
for deep submicron channel lengths. A steep subthreshold slope is attractive for the ease
of switching the transistor current off. In this context, the subthreshold swing parameter

is considered an important factor which affects the turn-off characteristic of the device.
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Assuming that the subthreshold drain current is proportional to the total amount of
the free carrier at the virtual cathode and their density 7y, (r) follows the Boltzmann

function, a general subthreshold swing (S) model is obtained [I85][186] as,

(5.48)

o kT 8wsmin -

where k& and T represent the Boltzmann constant and the temperature, respectively.
From Eq. (5.47) and Eq. (5.48), a closed form expression for subthreshold swing the
JLGAA MOSFETS is obtained by Eq. (549al) and for L > X a simplified expression of S

can be given by Eq. (5.49L).

1-1
T 20 (& — 1)A2D + (1 — 2
s= oy |1+ ala- XD+ (1~ 2a5) Va (5.49a)
q Va(l—a)MD? — B2V + (208 + ) A2 DVy, |
- —1
L
kT exqNZiVy, — V2S
Sp = ~— In(10) \L/ b (5.49b)
q Vise » + \/6§QN%VdS - VZ

From Eq. (5.49%), it is clearly shown that for long channel devices (L >> \) the
subthreshold swing reaches its ideal value (S=60mV /dec) [187].

5.4.3 Results and discussion

To validate the proposed models, the 2-D device simulator (SILVACO) is used to
simulate the device [139]. Figure plots the subthreshold swing as a function of
the device dimensions, length and thickness, calculated from our analytical model. The
subthreshold swing is predicted for both designs, JL. and conventional GAA MOSFETsSs,
and compared for equal electrical and geometrical parameters.

It is clearly shown that the subthreshold swing is improved by the increasing of channel
length. In comparison to the thick silicon film with t;; = 10nm, the thin one with
ts; = bnm will efficiently improve the subthreshold swing, particularly when the effective

channel length is further scaled to 10nm. It can also be shown that the subthreshold
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Figure 5.12: Subthreshold swing versus channel length with various silicon thicknesses
(tow = 3nm, Np = 10%em™3, Vs = 0.2V and Vg5 = 0.1V

swing decreases slowly as the JLGAA MOSFET length up to high values, where the
subthreshold swing reaches its optimal, better, value (S = 60mV/Dec) for Channel length
L > 35nm. Contrary, the subthreshold swing decreases rapidly with the increasing of the
channel length, in the case of the conventional GAA design. In this case, the subthreshold
swing reaches its better value (S = 60mV/Dec) for Channel length L > 40nm. Due to
no source/drain overlap on the channel region, the JLGAA design will suffer less SCEs
and induce less subthreshold swing degradation than the GAA MOSFET. Therefore, the
JLGAA exhibits better performance for subthreshold regime in comparison to the GAA
MOSFET devices.
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Figure 5.13: Subthreshold swing versus channel length with various oxide thicknesses
(tsi = 10nm, Np = 10em =3V, = 0.2V and Vg, = 0.1V

Figure plots the subthreshold swing versus the channel length for different gate
oxide thicknesses. The thinnest gate oxide thickness of t,, = 1nm exhibits the smallest
subthreshold swing among the three oxide thicknesses of t,, = 1nm, 2nm and 3nm. With-
out the source/drain depletion regions in the channel, the JLGAA device increases the
channel potential barrier and suppresses the SCEs more efficiently than the conventional
GAA device. The obtained results from both designs (JLGAA and GAA MOSFETS)
show that the JLGAA device offers significant improvement, in terms of subthreshold
swing and scaling capability. Therefore, as device dimensions penetrate into the deep
submicron domain, the improved obtained performance makes the JLGAA MOSFET a

better choice for nanoscale ultra-low power CMOS-based applications.

5.4.4 Scaling capability

A small subthreshold swing is required to provide adequate values of the commuta-

tion speed and subthreshold transconductance, for ultra-low power application, so that
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a JLGAA MOSFET can effectively work as switch or voltage amplifier in subthreshold
regime. The subthreshold swing of a long channel JLGAA MOSFET has an ideal value
(S = 60mV/dec). To have an acceptable performance, the subthreshold swing has to
be close to the ideal value. The predicted results of analytical model are used to form a
graphical abacus which allows the study of the scaling capability of the JLGAA MOSFET
and the conventional GAA MOSFET as it is illustrated in Figure [(.14]

40 ————————v—1r——1

————— JLGAA MOSFET .
| — GAA MOSFET

20
S=100mV/Dec

S (shift of the lines accordingtot _and N,)1

Channel length (L)[nm]

10 F -

0 1 . 1 . 1 . 1 . 1 . 1 . 1 .
6 8 10 12 14 16 18 20

Silicon Channel Thickness(t_)[nm]

Figure 5.14: Design space for channel length versus silicon thickness for both JLGAA
and GAA designs

The evolution of the subthreshold swing for the JLGAA MOSFET shows the effect of
the junctionless design on the law of scaling capability of the GAA transistors. Clearly,
10nm JLGAA MOSFETs are likely to be used for the condition where S = 70mV/dec
is tolerable. The scaling capability is predicted for both designs and compared in Figure
614 for equal electrical and dimensional parameters. Clearly, the JLGAA MOSFET
provides better scaling capability with respect to the conventional GAA MOSFET due to
the better immunity to SCEs and small value of the scaling length. Also, the SCEs are

improved as the transistor thickness is thin due to the higher gate to channel coupling
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relative to source/drain to channel coupling.

The most important conclusion is that the JLGAA MOSFET can satisfy the same
subthreshold swing value (S = 70mV/dec) as conventional GAA MOSFET with channel
10% shorter than that given by GAA MOSFET. This makes the JLGAA MOSFET a

promising candidate for future technology nodes.

5.4.5 Multiobjective-based optimization

During the last decade, there has been a growing interest using evolutionary algorithm
to optimize a variety of single and multi-objective problems in the field of engineering [148]
155,156, 188]. Genetic algorithms have been shown to solve nonlinear and multivariable
problems by exploring all regions of state space and exponentially exploiting promising
areas through genetic operators like: selection, crossover and mutation, which will be
applied to individuals in populations. In this part, we propose an approach based on
Multiobjective Genetic Algorithms (MOGAs) computation used previously in Chapter [
to optimize the subthreshold swing and the scaling capability of the JLGAA MOSFET
for low power and analog applications. In our multi-objective optimization problem,
multi-objective functions need to be optimized simultaneously. The implementation of
the MOGA-based optimization follows the algorithm [ used in Chapter Ml

The optimization process was performed for 20 population size using the following
genetic operators: tournament selection, scarred crossover and uniform mutation. Two
objective functions, which affect the device behavior for analog application, are considered
in this study, i.e. subthreshold swing and the scaling length. The optimization of these
parameters provides the best electrical performance, for analog applications, by satisfying

of the following objective functions:

e Minimization of the subthreshold swing coefficient S.

e Minimization of scaling length .

The input normalized electrical and dimensional variables vector, which will be opti-

mized using our approach, is given as X = (t, L, ton, Np, Vys, Vis).
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The constraints to be satisfied are:

e g1(z) : & € [Timin, Timax), i € X (each design variable is confined within a given

range).
e go(x): L > 2ty (ensure the good coupling between the channel and the gate).

e gs(x) : Vpp < Vj (for subthreshold-circuit-based applications, ultra-low power

devices).

It is to note that the input vector can be extended to include other design parame-
ters, such as metal contacts, parasite capacitances, channel doping profile, and insulator
materials.

The overall objective function is obtained by a given weightage based on the ”weighted

sum approach method” as follows,

F(X) =wS + waA (5.50)

If high scaling capability and high commutation speed transistor, for analog applica-
tions, are the required factors by the device designer, subthreshold swing and the scaling
length are equally important. Hence, w;(i = 1,2) can be assigned equal values as 0.50.
A lower value of scaling length and subthreshold swing are needed to design a transistor
with high scaling capability and commutation speed values.

The MOGA parameters were varied, and the associated optimization error was recorded.
For the optimized configuration, the overall objective function was 4.49 x 102, and almost
100% of the submitted cases were learned correctly.

Figure shows the variation of overall objective function as a function of the
generation number, where the minimum objective function can be reached for 10000
iterations. The steady decrease in the subthreshold and small-signal parameters of the
best solution in each generation (until it reaches a best possible value) can be attributed
to the selection procedure used. The final optimized JLGAA MOSFET parameters are
summarized in Table (.3
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Figure 5.15: Variations of normalized overall objective function with generations

The developed MOGA-based approach can be used as the interface between device

compact modeling and circuit simulators, such as Spice, Cadence and Synopsis, in order

to optimize the electrical circuit performances.

Table 5.3: Optimized nanoscale JLGAA MOSFET design parameters.

Symbol Quantity Random Optimized
Vs Drain source voltage 400 mV 0.10V
Vs Gate voltage 100 mV 0.25V

tei Silicon thickness 5 nm 3 nm
tox thickness of the Si0O9 1 nm 1 nm

L Channel length 50 nm 30nm
Np Channel doping 1 x 10 em=3 | 9.8 x 1018 em =3
Objective functions:

S Swing factor 200 mV /dec 59.87 mV/dec

A Scaling length 1.90 nm 1.20 nm

gm || Transconductance 11.50 uS 38.33 uS
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5.4.6 Impact on nanoscale subthreshold circuit design

Subthreshold circuits operate with a supply voltage, Vpp, less than the threshold
voltage of the MOSFET (V};,). Hence, the low applied biasing voltage leads to ultra-low
power consumption. Since the subthreshold current is orders of magnitude lower than
the drain saturation current and since the power supply is reduced, the subthreshold
circuit dissipates ultra-low-power [22, 23]. In recent years, considerable research has been
performed on subthreshold circuit design with various design methodologies and different
technologies. In this context, this work will be focused on investigating of an ultra-low
power voltage amplifier circuit, including our transistor optimization approach, in order to
show the impact of the proposed MOGA-based approach on the design and optimization of
the nanoscale subthreshold circuits. The voltage amplifier consists of a JLGAA MOSFET

and a current generator, as shown in Figure [B.16

H JLGAA
> Vout(t)

Vin(t)

Figure 5.16: Nanoscale ultra-low power, JLGAA MOSFET, voltage amplifier

The current generator and supply voltage are set at [y = 1A and Vpp = 0.3V,
respectively, in order to satisfy the subthreshold working condition, and the gate voltage
is set to give the adequate biasing condition of the transistor in the subthreshold region .
The gain and cutoff frequency values of the nanoscale voltage amplifier with and without

device optimization are shown in Table (.4l The gain and cut-off frequency, for optimized
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design, is about 11.45 and 127 GHz, respectively. However, the gain and cut-off frequency
degraded to about 3.3 and 50 GHz, respectively, for device without optimization. The
gain and cut-off frequency are given by Gy, = |gm/gas| and fr = g/ (27Clyq), respectively.

Table 5.4: Optimized ultra-low power voltage amplifier design parameters

Optimized Design without
Symbol Quantity design optimization

Vs Drain source voltage 0.1V 0.4V

Vy Gate voltage 0.2V 0.1V

tsi Silicon thickness 3 nm 5 nm

tox thickness of the Si0O9 1 nm 1 nm

L Channel length 30nm 50 nm

ND Channel doping 9.8 x 10'® ¢m~3 10'® ¢m—3
Gain Gain voltage 1145 V/V 3.30 V/V

fr Cut-off frequency 127GHz 50GHz

From Table [5.4] it is observed that an enhancement of circuit electrical performance,
gain, and cutoff frequency, can be obtained by using the proposed approach as a design

tool to optimize the nanoscale ultra-low power circuits.

5.5 Sammary

In this chapter, we have presented new mathematical models for short channel MuGFET's
devices. The models are based on a surface potential formalism developed for those de-
vices using adequate boundary conditions, from which we derived simple expressions for
the subthreshold region in terms of the subthreshold swing and subthreshold current in
order to investigate the scalability limits of these devices.

The developed models are dedicated to analyze the subthreshold behaviour of the new
proposed structures where good agreement is found between the new developed models
and the 2-D numerical simulations. The elaborated analysis in this chapter is mainly relied

on mathematical modeling and assumption, taking the advantage of the low computation
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complexity of the calculation.

Moreover, a MOGAs-based approach is proposed to improve the subthreshold be-
haviour of the proposed devices for digital and/or analog nanoscale CMOS-based appli-
cations. The proposed approach has successfully searched the best possible transistor
performance and the input design parameters that can yield those specific performances
in a specific working regime of the transistor for such circuit application. The efficiency
of the proposed approach may provide an easy and fast way to investigate and design

MuGFETs comprehensively.

The text of Chapter 5, in part, is a reprint of the material as it appears in A two-
dimensional semi-analytical analysis of the subthreshold swing behavior including free
carriers and interfacial traps effects for nanoscale double-gate MOSFETSs” by F. Djeffal,
T. Bendib, and M. A. Abdi, Microelectronics Journal, Elsevier, 2011. The dissertation

author was the primary investigator and author of this paper.

The text of Chapter 5, in part, is a reprint of the material as it appears in ”Subthreshold
behavior optimization of nanoscale graded channel gate stack double gate (GCGSDG)
MOSFET using multi-objective genetic algorithms” by T. Bendib, F. Djeffal, and D.
Arar, Journal of computational electronics, Springer, 2011. The dissertation author was

the primary investigator and author of this paper.

The text of Chapter 5, in part, is a reprint of the material as it appears in ” An opti-
mized junctionless GAA MOSFET design based on multiobjective computation for high-
performance ultra-low power devices” by T. Bendib, F. Djeffal, and M. Meguellati, Jour-
nal of Semiconductors, IOP Publishing, 2014. The dissertation author was the primary

investigator and author of this paper.
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Chapter 6. Conclusions and Future Research

6.1 Contributions and conclusion

As the technology scales, interest in alternative devices are growing to replace the
conventional MOSFETs. Multiple-gate MOSFETSs are competing with the conventional
MOSFETSs presently and it is expected that DG and GAA MOSFETs will be the future
mainstream. Due to the strong dependence of circuit behaviour on the device charac-
teristics in the alternative devices, it is necessary for circuit designers to understand the
physics inside new design technology thoroughly. Based on the understanding, circuit
designers should maximize the advantages of each device and control the undesirable ef-
fects. This dissertation presents a comprehensive study on the design and modeling of
multi-gate MOSFETSs, for nanoscale CMOS-based applications.

First of all, in chapter 3, a new approach for modeling semiconductor devices, nanoscale
Double Gate DG MOSFETS, by use of the Gradual Channel approximation (GC) ap-
proach and soft computing techniques GA and FL have been presented. The proposed
approach combines the universal optimization with fitting capability of soft computing
approaches, GA and FL, and the cost-effective optimization concept of quantum correc-
tion, to achieve reliable, accurate and simple compact models for nanoelectronics circuit
simulations. Our compact models give good predictions of the quantum capacitance,
threshold voltage shift, quantum inversion charge density, electron mobility and drain
current. These models have been verified with 2D self-consistent results from numerical
calculations of the coupled Poisson-Schrodinger equations.

In chapter 4, a new approach for electrical performances optimization of semicon-
ductor devices, nanoscale Double Gate (DG) MOSFETSs, using Multi-Objective Genetic
Algorithms (MOGAS) has been presented. The proposed optimization approach has been
used as a design tool to study the nanoscale circuit electrical behavior in order to achieve
reliable and optimized design of DG MOSFETs for nanoelectronics analog and digital
circuits simulations. The dimensional and electrical parameters of the DG MOSFET
such as threshold voltage roll-off, OFF-current, drain induced barrier lowering (DIBL),

subthreshold swing (S), output conductance and transconductance have been ascertained
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and compact analytical expressions including quantum effects and the channel length
modulation effect developed in chapter 3 have been included in the computation. The
developed compact models are used to formulate the different objective functions, which
are the pre-requisite of multi-objective genetic algorithms optimization. The optimized
design has been incorporated into single transistor amplifier to study and show the impact
of our approach on the nanoscale CMOS-based circuits design where an enhancement in
electrical performances of single transistor amplifier, the gain and the cut-off frequency
has been observed.

In chapter 5, new MuFETs structures GCGSDG and JLGAA MOSFETSs have been
proposed to investigate their subthreshold behavior for nanoscale CMOS digital and ana-
log applications. By focusing on the surface potential formalism, a new subthreshold
swing models for short-channel MuFETs MOSFETs have been developed. The analytical
analysis has been used to calculate the subthreshold swing and compare the performance
of the investigated designs with conventional structures DG and GAA MOSFET, where
the comparison of device architectures shows that the proposed MuFETSs structures ex-
hibit a superior performance with respect to the conventional ones in terms of fabrication
process and electrical behavior in subthreshold domain. The core models agree with 2-D
numerical simulations very well without using any fitting parameters. It demonstrates the
inherent physical predictivity and scalability of the developed models. In this chapter, the
work is extended to show the impact of the investigated devices on nanoscale CMOS appli-
cation. Multi-objective genetic algorithms-based approach has been proposed where the
overall objective function is formulated, using the developed models, by means of weighted
sum approach to search the optimal electrical and dimensional device parameters. Per-
formance assessment of the optimized designs of GCGSDG and JLGAA MOSFETSs were
projected for digital and ULP application respectively where better scaling capability and
high electrical performances of these devices have been recorded.

In summary, the main contribution of this thesis are as follow:

e Understanding the unique device physics in the multi-gate MOSFETSs comprehen-
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sively.

e Proposing new Modeling methodologies/approaches to incorporate these unique

multigate physics in their models.

e Proposing an accurate QM correction for DG MOSFET to simultaneously capture
both threshold voltage Vj;, shift and gate capacitance Cys degradation for the first

time.

e Developing an accurate drain current model assuming the gradual channel approx-
imation of nanoscale DG MOSFET including SCEs, for a very wide interval of

geometrical and physical parameters.

e Proposing optimal DG MOSFET device structure for nanoscale CMOS digital and
analog application to improve structure design in advanced transistor for such op-

eration.

e Several important concept design of multi-gate based circuits are addressed to pro-

vide straightforward way to assess the scaling limit of different MuGFETSs designs.

e Developing new subthreshold models by focusing on the surface potential formalism
that capture Vj;, roll-off, DIBL, OFF-current and subthreshold swing degradation
to investigate the subthreshold behavior for nanoscale CMOS digital and analog

applications.

6.2 Suggestions for future work

The following research tasks are suggested as future work regarding advanced multi-gate

devices:

e One of the priorities beyond this work would be the inclusion of more models for

multi-gate MOSFETSs. Examples of these models include but are not restricted to
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1) gate tunneling current model, 2) noise model, 3) source/drain parasitic resistance

model, 4) overlap capacitance model and 5) non-quasi-static model.

e For a high-K dielectric, the gate to channel tunneling current would still be con-
sidered as a major leakage current. Modeling and analysis of the gate to channel
tunneling current are suggested for UTB transistors with/or without high-K di-

electrics.

e Mobility degradation by phonon and Coulomb scattering in UTB should be ad-
dressed. In designing ultimately scaled (Leff < 10nm) DG devices, the Si film-
thickness must be extremely reduced (ts; ~ Leff/3) to control SCEs. For such
an extremely thin film (< 5nm) carrier mobility can be significantly degraded by
enhanced phonon and Coulomb scattering, the latter being due to trapped charge

in surface state.

e The developed DC models in this thesis are only applicable to static bias conditions.
charge and capacitance model can be derived based on the present work in order
to carry out the small signal AC and large signal transient simulation. Finally an
algorithm to extract the model parameters should be developed to apply the model

to circuit simulation.

e Although this work only discusses the multi-gate silicon MOSFET structure, the
corrugated substrate can be used as a platform to explore advanced devices using
Ge and III-V channel materials to improve the performance and scalability of other

transistor designs.

149



Bibliography

1]

[10]

J. S. E. LILIENFELD, “Method and apparatus for controlling electric currents,” Jan. 28 1930, uS
Patent 1,745,175. (page B))

D. Kahng and M. Atalla, “Silicon-silicon dioxide field induced surface devices,” in IRE Solid-State
Device Research Conference, 1960. (page B

F. Wanlass and C. Sah, “Nanowatt logic using field-effect metal-oxide semiconductor triodes,”
in Solid-State Clircuits Conference. Digest of Technical Papers. 1963 IEEE International, vol. 6.
IEEE, 1963, pp. 32-33. (page B)

J. J. Liou, A. Ortiz-Conde, and F. Garcia-Sanchez, Analysis and design of MOSFETs: modeling,

simulation, and parameter extraction. Springer, 1998. (page B)

G. E. Moore, “Progress in Digital Integrated Electronics, Digest of the 1975 International Electron
Devices Meeting,” 1975. (page B)

G. E. Moore et al., “Cramming more components onto integrated circuits,” 1965. (page B)

T. Skotnicki, G. Merckel, and T. Pedron, “The voltage-doping transformation: a new approach to
the modeling of MOSFET short-channel effects,” Electron Device Letters, IEEE, vol. 9, no. 3, pp.
109-112, 1988. (page B)

T. Skotnicki, “Heading for decananometer CMOS-Is navigation among icebergs still a viable strat-
egy?” in Solid-State Device Research Conference, 2000. Proceeding of the 30th Furopean. IEEE,
2000, pp. 19-33. (page B)

W. Xiong, K. Ramkumar, S. Jang, J.-T. PARKS, and J.-P. Colinge, “Self-aligned ground-plane
FDSOI MOSFET,” in IEEE International SOI conference, 2002, pp. 23-24. (page B)

T. Sekigawa and Y. Hayashi, “Calculated threshold-voltage characteristics of an XMOS transistor
having an additional bottom gate,” Solid-State Electronics, vol. 27, no. 8, pp. 827-828, 1984.

(page B)



BIBLIOGRAPHY

[11]

[14]

[15]

[16]

[17]

T. Sekigawa, Y. Hayashia, and K. Ishii, “Feasibility of very-short-channel mos transistors with
double-gate structure,” Electronics and Communications in Japan (Part II: Electronics), vol. 76,

no. 10, pp. 39-48, 1993. (page B)

I. R. Committee et al., “International Technology Roadmap for Semiconductors, 2007 Edition,”

Ezxecutive Summary www. itrs. net (cited September 11, 2009), 2001. (pages B 103 I07)

R. H. Dennard, F. H. Gaensslen, V. L. Rideout, E. Bassous, and A. R. LeBlanc, “Design of ion-
implanted MOSFET’s with very small physical dimensions,” IEEE Journal of Solid-State Circuits,
vol. 9, no. 5, pp. 256-268, 1974. (pages [ [@)

D. J. Frank, R. H. Dennard, E. Nowak, P. M. Solomon, Y. Taur, and H.-S. P. Wong, “Device scaling
limits of Si MOSFETSs and their application dependencies,” Proceedings of the IEEFE, vol. 89, no. 3,

pp. 259-288, 2001. (pages [I0 [IT))

G. D. Wilk, R. M. Wallace, and J. Anthony, “High-~x gate dielectrics: Current status and mate-

rials properties considerations,” Journal of Applied Physics, vol. 89, no. 10, pp. 5243-5275, 2001.
(page I0)

D. J. Frank, “Power-constrained CMOS scaling limits,” IBM Journal of Research and Development,
vol. 46, no. 2.3, pp. 235-244, 2002. (pages [10] [T2))

K. Mistry, C. Allen, C. Auth, B. Beattie, D. Bergstrom, M. Bost, M. Brazier, M. Buehler, A. Cap-
pellani, R. Chau et al., “A 45nm logic technology with high-k+ metal gate transistors, strained
silicon, 9 Cu interconnect layers, 193nm dry patterning, and 100% Pb-free packaging,” in Electron
Devices Meeting, 2007. IEDM 2007. IEEE International. TEEE, 2007, pp. 247-250. (page [T

P. Packan, S. Akbar, M. Armstrong, D. Bergstrom, M. Brazier, H. Deshpande, K. Dev, G. Ding,
T. Ghani, O. Golonzka et al., “High Performance 32nm Logic Technology Featuring 2 nd Generation
High-k+ Metal Gate Transistors,” in Electron Devices Meeting (IEDM), 2009 IEEE International.
IEEE, 2009, pp. 1-4. (page [

R. Chau, S. Datta, M. Doczy, B. Doyle, B. Jin, J. Kavalieros, A. Majumdar, M. Metz, and M. Ra-
dosavljevic, “Benchmarking nanotechnology for high-performance and low-power logic transistor

applications,” IEEE Transactions on Nanotechnology, vol. 4, no. 2, pp. 153-158, 2005. (page [T])

Y. Taur, D. A. Buchanan, W. Chen, D. J. Frank, K. E. Ismail, S.-H. Lo, G. A. Sai-Halasz, R. G.
Viswanathan, H.-J. Wann, S. J. Wind et al., “CMOS scaling into the nanometer regime,” Proceed-
ings of the IEEFE, vol. 85, no. 4, pp. 486-504, 1997. (page [ITI)

Y. Taur, “CMOS design near the limit of scaling,” IBM Journal of Research and Development,
vol. 46, no. 2.3, pp. 213-222, 2002. (page [

151



BIBLIOGRAPHY

[22]

[27]

(28]

[29]

J.-P. Colinge and J. Colinge, Silicon-on-insulator technology: materials to VLSI. Springer, 2004,
vol. 3. (page [12))

J.-P. Colinge, M. Gao, A. Romano-Rodriguez, H. Maes, and C. Claeys, “Silicon-on-insulator’gate-
all-around device’,” in FElectron Devices Meeting, 1990. IEDM’90. Technical Digest., International.
IEEE, 1990, pp. 595-598. (pages [[2] 3]

B. Doyle, S. Datta, M. Doczy, S. Hareland, B. Jin, J. Kavalieros, T. Linton, A. Murthy, R. Rios, and
R. Chau, “High performance fully-depleted tri-gate CMOS transistors,” FElectron Device Letters,
IEEE, vol. 24, no. 4, pp. 263-265, 2003. (pages [12] A

J.-T. Park, J. Colinge, and C. H. Diaz, “Pi-gate SOl MOSFET,” Electron Device Letters, IEEE,
vol. 22, no. 8, pp. 405-406, 2001. (page [M2))

F.-L. Yang, H.-Y. Chen, F.-C. Chen, C.-C. Huang, C.-Y. Chang, H.-K. Chiu, C.-C. Lee, C.-C.
Chen, H.-T. Huang, C.-J. Chen et al., “25 nm CMOS omega FETSs,” in FElectron Devices Meeting,
2002. IEDM’02. International. TEEE, 2002, pp. 255-258. (page [M12))

D. Hisamoto, W.-C. Lee, J. Kedzierski, H. Takeuchi, K. Asano, C. Kuo, E. Anderson, T.-J. King,
J. Bokor, and C. Hu, “FinFET-a self-aligned double-gate MOSFET scalable to 20 nm,” IEFEFE
Transactions on Electron Devices, vol. 47, no. 12, pp. 2320-2325, 2000. (page [M2))

Y. Taur, “An analytical solution to a double-gate MOSFET with undoped body,” FElectron Device
Letters, IEEE, vol. 21, no. 5, pp. 245247, 2000. (pages [12] 24)

V. P. Trivedi and J. G. Fossum, “Scaling fully depleted SOI CMOS,” IEEE Transactions on Electron
Dewices, vol. 50, no. 10, pp. 2095-2103, 2003. (page [13))

J. G. Fossum, L. Ge, and M.-H. Chiang, “Speed superiority of scaled double-gate CMOS,” IFEE
Transactions on Electron Devices, vol. 49, no. 5, pp. 808-811, 2002. (page [M3)

S. Pae, J. P. Denton, and G. W. Neudeck, “Multi-layer SOI island technology by selective epitaxial
growth for single-gate and double-gate MOSFETS,” in SOI Conference, 1999. Proceedings. 1999
IEEE International. TEEE, 1999, pp. 108-1009. (page [M3)

P. Kalavade and K. C. Saraswat, “Lateral gate-all-around (GAA) poly-Si transistors,” in SOI
Conference, 2001 IEEE International. IEEE, 2001, pp. 109-110. (page [13))

V. W. Chan and P. C. Chan, “High performance gate-all-around devices using metal induced lateral

crystallization,” in SOI Conference, 2000 IEEE International. TEEE, 2000, pp. 112-113. (page[13)

Y. Cui, Z. Zhong, D. Wang, W. U. Wang, and C. M. Lieber, “High performance silicon nanowire
field effect transistors,” Nano Letters, vol. 3, no. 2, pp. 149-152, 2003. (page [[4)

152



BIBLIOGRAPHY

[35]

[36]

37]

[38]

[39]

[43]

[44]

Y. Tian, R. Huang, Y. Wang, J. Zhuge, R. Wang, J. Liu, X. Zhang, Y. Wang et al., “New self-aligned
silicon nanowire transistors on bulk substrate fabricated by epi-free compatible CMOS technology:

Process integration, experimental characterization of carrier transport and low frequency noise,”
2013. (page [14)
M. Bescond, N. Cavassilas, and M. Lannoo, “Effective-mass approach for n-type semiconductor
nanowire MOSFETSs arbitrarily oriented,” Nanotechnology, vol. 18, no. 25, pp. 255201, 2007.
(page [[4)

K. H. Cho, S. D. Suk, Y. Y. Yeoh, M. Li, K. H. Yeo, D.-W. Kim, S. W. Hwang, D. Park, and
B.-I. Ryu, “Observation of single electron tunneling and ballistic transport in twin silicon nanowire
MOSFETs (TSNWFETSs) fabricated by top-down CMOS process,” in Electron Devices Meeting,
2006. IEDM’06. International. TEEE, 2006, pp. 1-4. (page [I4)

X. Huang, W.-C. Lee, C. Kuo, D. Hisamoto, L. Chang, J. Kedzierski, E. Anderson, H. Takeuchi,
Y .-K. Choi, K. Asano et al., “Sub 50-nm FinFET: PMOS,” in Electron Devices Meeting, 1999.
IEDM’99. Technical Digest. International. IEEE, 1999, pp. 67-70. (pages [[4] [I8))

D.-S. Woo, B. Y. Choi, W. Y. Choi, M. W. Lee, J. D. Lee, and B.-G. Park, “30 nm self-aligned
FinFET with large source/drain fan-out structure,” FElectronics Letters, vol. 39, no. 15, pp. 1154
1155, 2003. (pages[14]

I8)

B. Doyle, B. Boyanov, S. Datta, M. Doczy, S. Hareland, and Jin, “Tri-Gate fully-depleted CMOS
transistors: fabrication, design and layout,” in VLSI Technology, 2003. Digest of Technical Papers.
2008 Symposium on. IEEE, 2003, pp. 133-134. (page [I4)

J.-P. Colinge, “Multiple-gate SOI MOSFETSs,” Solid-State Electronics, vol. 48, no. 6, pp. 897-905,
2004. (page [[H)
D. Hisamoto, W.-C. Lee, J. Kedzierski, E. Anderson, H. Takeuchi, K. Asano, T.-J. King, J. Bokor,

and C. Hu, “A folded-channel MOSFET for deep-sub-tenth micron era,” IEDM Tech. Dig, vol.
1998, pp. 1032-1034, 1998. (page [16])

L. Chang, Y.-k. Choi, D. Ha, P. Ranade, S. Xiong, J. Bokor, C. Hu, and T.-J. King, “Extremely
scaled silicon nano-CMOS devices,” Proceedings of the IEEFE, vol. 91, no. 11, pp. 1860-1873, 2003.

(page [I6)

H.-S. P. Wong, D. J. Frank, P. M. Solomon, C. H. Wann, and J. J. Welser, “Nanoscale CMOS,”
Proceedings of the IEEE, vol. 87, no. 4, pp. 537-570, 1999. (pages [16], 7, I8

153



BIBLIOGRAPHY

[45]

[46]

W. Xiong, J. Park, and J. Colinge, “Corner effect in multiple-gate SOI MOSFETSs,” in SOI Con-
ference, 2003. IEEE International. IEEE, 2003, pp. 111-113. (page [I4)

M. Chan, S. K. Fung, K. Y. Hui, C. Hu, and P. K. Ko, “SOI MOSFET design for all-dimensional
scaling with short channel, narrow width and ultra-thin films,” in Electron Devices Meeting, 1995.

IEDM’95., International. IEEE, 1995, pp. 631-634. (page [I6)

S. Nakajima, K. Miura, T. Somatani, and E. Arai, “A trench MOSFET with surface source/drain
contacts,” in FElectron Devices Meeting, 1985 International, vol. 31. TEEE, 1985, pp. 200-203.

(page [I7)

J. Kedzierski, “High-performance symmetric-gate and CMOS-compatible Vt asymmetric-gate Fin-
FET devices,” IEDM Tech. Dig., 2001, 2001. (page [I8)

Y. Liu, M. Masahara, K. Ishii, T. Tsutsumi, T. Sekigawa, H. Takashima, H. Yamauchi, and
E. Suzuki, “Flexible threshold voltage FinFETs with independent double gates and an ideal rectan-
gular cross-section Si-Fin channel,” in Electron Devices Meeting, 2003. IEDM’03 Technical Digest.
IEEFE International. TEEE, 2003, pp. 18-8. (page [I8)

D. Frank, S. Laux, and M. Fischetti, “Monte Carlo simulation of a 30 nm dual-gate MOSFET: How
short can Si go?” in FElectron Devices Meeting, 1992. IEDM’92. Technical Digest., International.
IEEE, 1992, pp. 553-556. (page [I8))

H.-S. Wong, D. J. Frank, Y. Taur, and J. M. Stork, “Design and performance considerations for
sub-0.1/spl mu/m double-gate SOI MOSFET’S,” in Electron Devices Meeting, 1994. IEDM’94.
Technical Digest., International. TEEE, 1994, pp. 747-750. (page [I8))

T. Bentrcia, F. Djeffal, M. Abdi, M. Chahdi, and N. Boukhennoufa, “An accurate two dimensional
threshold voltage model for nanoscale GCGS DG MOSFET including traps effects,” in 8rd Interna-
tional Conference on Signals, Circuits and Systems (SCS), 2009. ITEEE, 2009, pp. 1-6. (pages[I8

I23)

F. Djeffal, Z. Ghoggali, Z. Dibi, and N. Lakhdar, “Analytical analysis of nanoscale multiple gate

MOSFETSs including effects of hot-carrier induced interface charges,” Microelectronics Reliability,

vol. 49, no. 4, pp. 377-381, 20009. (pages [[9 (3], BE [I05] 07 [0S
W. Liu, MOSFET Models for SPICE Simulation including BSIM3v3 and BSIMJ. Wiley-
Interscience Publication, 2001. (page 22)

G. Gildenblat, X. Li, W. Wu, H. Wang, A. Jha, R. van Langevelde, G. D. Smit, A. J. Scholten,
and D. B. Klaassen, “PSP: An advanced surface-potential-based MOSFET model for circuit sim-
ulation,” IEEE Transactions on Electron Devices, vol. 53, no. 9, pp. 1979-1993, 2006.  (page 22))

154



BIBLIOGRAPHY

[56]

[60]

[61]

[62]

M. Miura-Mattausch, N. Sadachika, D. Navarro, G. Suzuki, Y. Takeda, M. Miyake, T. Warabino,
Y. Mizukane, R. Inagaki, T. Ezaki et al., “HiSIM2: Advanced MOSFET model valid for RF circuit
simulation,” IEEE Transactions on Electron Devices, vol. 53, no. 9, pp. 1994-2007, 2006. (page22)

Y. Taur, X. Liang, W. Wang, and H. Lu, “A continuous, analytic drain-current model for DG
MOSFETS,” Electron Device Letters, IEEE, vol. 25, no. 2, pp. 107-109, 2004. (pages 24| (5] [G5)

J.-M. Sallese, F. Krummenacher, F. Prégaldiny, C. Lallement, A. Roy, and C. Enz, “A design
oriented charge-based current model for symmetric DG MOSFET and its correlation with the
EKV formalism,” Solid-State Electronics, vol. 49, no. 3, pp. 485—489, 2005. (page 24)

G. Smit, A. Scholten, G. Curatola, R. van Langevelde, G. Gildenblat, and D. Klaassen, “PSP-based
scalable compact FinFET model,” Proc. Nanotech, pp. 520-525, 2007. (page 24))

H. Lu, W.-Y. Lu, and Y. Taur, “Effect of body doping on double-gate MOSFET characteristics,”
Semiconductor Science and Technology, vol. 23, no. 1, pp. 015006, 2008. (page 24)

M. V. Dunga, C.-H. Lin, X. Xi, D. D. Lu, A. M. Niknejad, and C. Hu, “Modeling advanced
FET technology in a compact model,” IEEE Transactions on Electron Devices, vol. 53, no. 9, pp.
1971-1978, 2006. (page 24)

S.-H. Oh, D. Monroe, and J. Hergenrother, “Analytic description of short-channel effects in fully-
depleted double-gate and cylindrical, surrounding-gate MOSFETS,” FElectron Device Letters, IEEE,
vol. 21, no. 9, pp. 445-447, 2000. (page 24)

X. Liang and Y. Taur, “A 2-D analytical solution for SCEs in DG MOSFETSs,” IEEE Transactions
on FElectron Devices, vol. 51, no. 9, pp. 1385-1391, 2004. (page 24I)

R.-H. Yan, A. Ourmazd, and K. F. Lee, “Scaling the Si MOSFET: From bulk to SOI to bulk,”
IEEFE Transactions on Electron Devices, vol. 39, no. 7, pp. 1704-1710, 1992. (page 24))

K. Suzuki, T. Tanaka, Y. Tosaka, H. Horie, and Y. Arimoto, “Scaling theory for double-gate
SOI MOSFET’s,” IEEFE Transactions on FElectron Deuvices, vol. 40, no. 12, pp. 23262329, 1993.

(page 24)

S.-S. Chen and J. B. Kuo, “Deep submicrometer double-gate fully-depleted SOI PMOS devices: a
concise short-channel effect threshold voltage model using a quasi-2D approach,” IEEE Transac-

tions on Electron Devices, vol. 43, no. 9, pp. 1387-1393, 1996. (page 24)

Q. Chen, E. M. Harrell, J. D. Meindl et al., “A physical short-channel threshold voltage model
for undoped symmetric double-gate MOSFETSs,” IEEE Transactions on FElectron Devices, vol. 50,
no. 7, pp. 1631-1637, 2003. (pages 24, [6T))

155



BIBLIOGRAPHY

[68]

[69]

[74]

[75]

[77]

78]

K. Suzuki, Y. Tosaka, and T. Sugii, “Analytical threshold voltage model for short channel n4+-p+
double-gate SOI MOSFETSs,” IEEE Transactions on Electron Devices, vol. 43, no. 5, pp. 732-738,

1996. (page 24)

Q. Chen, B. Agrawal, and J. D. Meindl, “A comprehensive analytical subthreshold swing (S) model
for double-gate MOSFETSs,” IEEFE Transactions on Electron Devices, vol. 49, no. 6, pp. 1086-1090,

2002. (pages 241 BI)

Z. Ren, R. Venugopal, S. Datta, and M. Lundstrom, “Examination of design and manufacturing
issues in a 10 nm double gate MOSFET using nonequilibrium Green’s function simulation,” in

Electron Devices Meeting, 2001. IEDM’01. Technical Digest. International. TEEE, 2001, pp. 5-4.
(pages 241 G3)

M. Ancona and H. Tiersten, “Macroscopic physics of the silicon inversion layer,” Physical review.

B, Condensed matter, vol. 35, no. 15, pp. 7959-7965, 1987. (page 24I)

A. Wettstein, A. Schenk, and W. Fichtner, “Quantum device-simulation with the density-gradient

model on unstructured grids,” IFEE Transactions on Electron Devices, vol. 48, no. 2, pp. 279284,
2001. (page 24))

B. Wu, T.-w. Tang, J. Nam, and J.-H. Tsai, “Monte Carlo simulation of symmetric and asymmetric
double-gate MOSFETSs using Bohm-based quantum correction,” IEEE Transactions on Nanotech-
nology, vol. 2, no. 4, pp. 291-294, 2003. (page 24)

B. Winstead and U. Ravaioli, “A quantum correction based on Schrodinger equation applied to
Monte Carlo device simulation,” IEEE Transactions on Electron Devices, vol. 50, no. 2, pp. 440—

446, 2003. (page 24))

D. Vasileska and S. S. Ahmed, “Narrow-width SOI devices: the role of quantum-mechanical size
quantization effect and unintentional doping on the device operation,” IEEE Transactions on Elec-

tron Devices, vol. 52, no. 2, pp. 227236, 2005. (page 24I)

L. Ge and J. G. Fossum, “Analytical modeling of quantization and volume inversion in thin Si-

film DG MOSFETSs,” IEEE Transactions on Electron Devices, vol. 49, no. 2, pp. 287-294, 2002.
(pages 24 [31)

V. P. Trivedi and J. G. Fossum, “Quantum-mechanical effects on the threshold voltage of undoped

double-gate MOSFETS,” FElectron Device Letters, IEEE, vol. 26, no. 8, pp. 579-582, 2005. (page[24)

H. Lu and Y. Taur, “An analytic potential model for symmetric and asymmetric DG MOSFETSs,”
IEEFE Transactions on Electron Devices, vol. 53, no. 5, pp. 1161-1168, 2006. (page 28)

156



BIBLIOGRAPHY

[79]

[81]

[82]

[83]

[87]

[83]

O. Moldovan, D. Jimenez, J. R. Guitart, F. A. Chaves, and B. Iniguez, “Explicit analytical charge
and capacitance models of undoped double-gate MOSFETSs,” IEEE Transactions on Electron De-
vices, vol. 54, no. 7, pp. 1718-1724, 2007. (page 25))

B. Iniguez, D. Jimenez, J. Roig, H. A. Hamid, L. F. Marsal, and J. Pallares, “Explicit continuous
model for long-channel undoped surrounding gate MOSFETSs,” IEEE Transactions on Electron
Devices, vol. 52, no. 8, pp. 1868-1873, 2005. (pages 25 24])

A. Kranti, S. Haldar, and R. Gupta, “An accurate 2D analytical model for short channel thin
film fully depleted cylindrical /surrounding gate (CGT/SGT) MOSFET,” Microelectronics journal,
vol. 32, no. 4, pp. 305-313, 2001. (page 25)

——, “Analytical model for threshold voltage andj i 1j/i;—j i;, Vi/ii characteristics of fully depleted
short channel cylindrical/surrounding gate MOSFET,” Microelectronic Engineering, vol. 56, no. 3,
pp. 241-259, 2001. (page 25)

D. Jiménez, B. Iniguez, J. Sune, L. Marsal, J. Pallares, J. Roig, and D. Flores, “Continuous
analytic IV model for surrounding-gate MOSFETS,” FElectron Device Letters, IEEE, vol. 25, no. 8,
pp. 571-573, 2004. (page 25))

H. A. El Hamid, B. Iniguez, and J. R. Guitart, “Analytical model of the threshold voltage and
subthreshold swing of undoped cylindrical gate-all-around-based MOSFETSs,” IEEE Transactions
on Electron Devices, vol. 54, no. 3, pp. 572-579, 2007. (pages 23] [I30)

B. Iniguez, T. A. Fjeldly, A. Lazaro, F. Danneville, and M. J. Deen, “Compact-modeling solutions
for nanoscale double-gate and gate-all-around MOSFETSs,” IEEE Transactions on Electron Devices,
vol. 53, no. 9, pp. 2128-2142, 2006. (pages 26, [65] [Bal)

L. A. Zadeh, “Fuzzy logic, neural networks, and soft computing,” Communications of the ACM,
vol. 37, no. 3, pp. 77-84, 1994. (pages BTl 48]

J.-S. R. Jang and C.-T. Sun, Neuro-fuzzy and soft computing: a computational approach to learning

and machine intelligence. Prentice-Hall, Inc., 1996. (page B1)

L. A. Zadeh, “Some reflections on soft computing, granular computing and their roles in the
conception, design and utilization of information/intelligent systems,” Soft Computing-A fusion

of foundations, methodologies and applications, vol. 2, no. 1, pp. 23-25, 1998. (page B1)

J. H. Holland, Adaptation in natural and artificial systems: An introductory analysis with applica-

tions to biology, control, and artificial intelligence. U Michigan Press, 1975. (page B3))

H.-P. Schwefel, Numerical optimization of computer models. John Wiley & Sons, Inc., 1981.

(page B3)

157



BIBLIOGRAPHY

[91]

92]

[101]

[102]

[103]

L. J. Fogel, A. J. Owens, and M. J. Walsh, “Artificial intelligence through simulated evolution,”
1966. (page B3)

D. E. Goldberg et al., Genetic algorithms in search, optimization, and machine learning. Addison-

wesley Reading Menlo Park, 1989, vol. 412. (pages B3] 6] A8
63

Z. Michalewicz, Genetic algorithms+ data structures= evolution programs. springer, 1996.
(page B3)

J. E. Baker, “Adaptive selection methods for genetic algorithms,” in Proceedings of an International

Conference on Genetic Algorithms and their applications. Hillsdale, New Jersey, 1985, pp. 101-111.
(page BG)

M. T. McMahon and L. T. Watson, “A distributed genetic algorithm with migration for the design
of composite laminate structures,” Parallel Algorithms And Application, vol. 14, no. 4, pp. 329-362,

2000. (pages B8, BI)

M. Mitchell, An introduction to genetic algorithms. MIT press, 1998. (page BY)

C. A. C. Coello, “A comprehensive survey of evolutionary-based multiobjective optimization tech-

niques,” Knowledge and Information systems, vol. 1, no. 3, pp. 269-308, 1999. (page [42))

J. Horn, “Handbook of evolutionary computation, volume 1, chapter Multicriterion decision mak-

ing, pages F1. 9: 1-F1. 9: 15,7 1997. (page [42))
S. Lee, Genetic learning for adaptive image segmentation. Springer, 1994, vol. 287. (page [43))

X. Liu, D. Begg, and R. Fishwick, “Genetic approach to optimal topology/controller design of
adaptive structures,” International Journal for Numerical Methods in Engineering, vol. 41, no. 5,

pp. 815-830, 1998. (page E3)

X. Yang and M. Gen, “Evolution program for bicriteria transportation problem,” Computers &

Industrial Engineering, vol. 27, no. 1, pp. 481-484, 1994. (page [43))

M. Gen, K. Ida, Y. Li, and E. Kubota, “Solving bicriteria solid transportation problem with fuzzy
numbers by a genetic algorithm,” Computers & Industrial Engineering, vol. 29, no. 1, pp. 537541,

1995. (page E3)

M. Gen and R. Cheng, Genetic algorithms and engineering optimization. John Wiley & Sons,
2000, vol. 7. (page [A3))

158



BIBLIOGRAPHY

[104]

[105]

106]

[107]

108]

109]

[110]

[111]

[112]

[113]

[114]

[115]
[116]

[117]

[118]

A. L. Medaglia and S.-C. Fang, “A genetic-based framework for solving (multi-criteria) weighted
matching problems,” Furopean Journal of Operational Research, vol. 149, no. 1, pp. 77-101, 2003.

(page H3)

P. Hajela and C.-Y. Lin, “Genetic search strategies in multicriterion optimal design,” Structural
optimization, vol. 4, no. 2, pp. 99-107, 1992. (page [A3))
K. Deb, Multi-objective optimization using evolutionary algorithms. John Wiley & Sons, 2001,
vol. 16. (page [3])
C. A. C. Coello, D. A. Van Veldhuizen, and G. B. Lamont, Fvolutionary algorithms for solving

multi-objective problems. Springer, 2002, vol. 242. (page [46])

D. W. Corne, N. R. Jerram, J. D. Knowles, M. J. Oates et al., “PESA-II: Region-based selec-
tion in evolutionary multiobjective optimization,” in Proceedings of the Genetic and Evolutionary

Computation Conference (GECCO2001. Citeseer, 2001. (page [0l

L. A. Zadeh, “Fuzzy sets,” Information and control, vol. 8, no. 3, pp. 338-353, 1965.  (pages[48]
510))

D. Dubois and H. Prade, “Soft computing, fuzzy logic, and artificial intelligence,” Soft Computing-A
Fusion of Foundations, Methodologies and Applications, vol. 2, no. 1, pp. 7-11, 1998.  (page 9]

J.-S. R. Jang et al., “Fuzzy Modeling Using Generalized Neural Networks and Kalman Filter
Algorithm.” in AAAI vol. 91, 1991, pp. 762-767. (page B0)

H. Zimmermann, Fuzzy Set Theory and Its Applications Second, Revised Edition. Springer, 1992.
(page B0)

C.-C. Lee, “Fuzzy logic in control systems: fuzzy logic controller. II,” IEEE Transactions on Sys-
tems, Man and Cybernetics, vol. 20, no. 2, pp. 419-435, 1990. (page 62))

X.-J. Zeng and G. Singh Madan, “Approximation theory of fuzzy systems-MIMO case,” IEEE
Transactions on Fuzzy Systems, vol. 3, no. 2, pp. 219-235, 1995. (page B3))

A. Driankov and R. Unberhauen, “An introduction to fuzzy control,” 1993. (page B4
K. M. Passino, S. Yurkovich, and M. Reinfrank, Fuzzy control. Citeseer, 1998, vol. 42. (page [53)

H. Ying, Fuzzy control and modeling: analytical foundations and applications. Wiley-IEEE Press,
2000. (page B

G. Baccarani and S. Reggiani, “A compact double-gate MOSFET model comprising quantum-

mechanical and nonstatic effects,” IEFE Transactions on FElectron Devices, vol. 46, no. 8, pp.

1656-1666, 1999. (pages b5} 09, 68 [70] 8]

159



BIBLIOGRAPHY

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

S. Datta, “Nanoscale device modeling: the Greens function method,” Superlattices and Microstruc-

tures, vol. 28, no. 4, pp. 253-278, 2000. (page BA)

S. Vishvakarma, A. Saxena, and S. Dasgupta, “Analytical Modeling of Potential and Drain Current
for Symmetric Double Gate (SDG) MOSFET Using Self Consistent Solution of 1-D Poisson’s-
Schrédinger Equations,” Journal of Computational and Theoretical Nanoscience, vol. 7, no. 10, pp.

1959-1964, 2010. (page B3)

S. Rathod, A. Saxena, and S. Dasgupta, “Modeling of threshold voltage, mobility, drain current
and subthreshold leakage current in virgin and irradiated silicon-on-insulator fin-shaped field effect

transistor device,” Journal of Applied Physics, vol. 109, no. 8, pp. 084504, 2011. No citations.

S. Mohammadi and A. Afzali-Kusha, “Modeling of drain current, capacitance and transconduc-
tance in thin film undoped symmetric DG MOSFETSs including quantum effects,” Microelectronics

Reliability, vol. 50, no. 3, pp. 338-345, 2010. (page B5)

W. M Arden, “The International Technology Roadmap for SemiconductorsPerspectives and chal-

lenges for the next 15 years,” Current Opinion in Solid State and Materials Science, vol. 6, no. 5,

pp. 371-377, 2002. (pages 59 [87)

F. Djeffal, M. Chahdi, A. Benhaya, and M. Hafiane, “An approach based on neural computation

to simulate the nanoscale CMOS circuits: application to the simulation of CMOS inverter,” Solid-
State Electronics, vol. 51, no. 1, pp. 48-56, 2007. (pages 09 [64] G631 BT 106l 107,
L)

F. Stern, “Self-consistent results for n-type Si inversion layers,” Physical Review B, vol. 5, no. 12,

pp. 4891, 1972. (pages B9 [64)

Q. Chen and J. D. Meindl, “Nanoscale metal-oxide—semiconductor field-effect transistors: scaling

limits and opportunities,” Nanotechnology, vol. 15, no. 10, pp. S549, 2004. (pages B9 [0, [BT], [89)

J. A. Lépez-Villanueva, P. Cartujo-Cassinello, F. Gdamiz, J. Banqueri, and A. J. Palma, “Effects
of the inversion-layer centroid on the performance of double-gate MOSFETSs,” IEEE Transactions
on Electron Devices, vol. 47, no. 1, pp. 141-146, 2000. (pages B9, B [Bal)

V. Hariharan, R. Thakker, K. Singh, A. B. Sachid, M. Patil, J. Vasi, and V. R. Rao, “Drain current
model for nanoscale double-gate MOSFETSs,” Solid-State Electronics, vol. 53, no. 9, pp. 1001-1008,

2009. (pages B9 [63] B0, BT], B5)

F. Djeffal, M. Abdi, Z. Dibi, M. Chahdi, and A. Benhaya, “A neural approach to study the scaling
capability of the undoped Double-Gate and cylindrical Gate All Around MOSFETSs,” Materials
Science and Engineering: B, vol. 147, no. 2, pp. 239-244, 2008. (pages B9 [63], G4 [65])

160



BIBLIOGRAPHY

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

M. Reyboz, O. Rozeau, T. Poiroux, P. Martin, and J. Jomaah, “An explicit analytical charge-based
model of undoped independent double gate MOSFET,” Solid-state electronics, vol. 50, no. 7, pp.

1276-1282, 2006. (pages B9 [63, 65} [B3)

A. Lazaro, B. Nae, O. Moldovan, and B. Thiguez, “A compact quantum model of nanoscale double-
gate metal-oxide-semiconductor field-effect transistor for high frequency and noise simulations,”

Journal of Applied physics, vol. 100, no. 8, pp. 084320, 2006. (pages B9 [64)

B. Nae, A. Lazaro, and B. Iniguez, “High frequency and noise model of gate-all-around metal-oxide-

semiconductor field-effect transistors,” Journal of Applied Physics, vol. 105, no. 7, pp. 074505, 2009.
(page B9)
T. Bentrcia, F. Djeffal, and A. H. Benhaya, “Continuous analytic IV model for GS DG MOSFETSs

including hot-carrier degradation effects,” Journal of Semiconductors, vol. 33, no. 1, pp. 014001,
2012. (page B3)
Y. Taur, “Analytic solutions of charge and capacitance in symmetric and asymmetric double-
gate MOSFETSs,” IEEE Transactions on Electron Devices, vol. 48, no. 12, pp. 2861-2869, 2001.
(pages 61, [7C @3)

S. Xiong, T.-J. King, and J. Bokor, “A comparison study of symmetric ultrathin-body double-gate

devices with metal source/drain and doped source/drain,” IEEE Transactions on Electron Devices,

vol. 52, no. 8, pp. 1859-1867, 2005. (page [GH)

S. Datta, F. Assad, and M. S. Lundstrom, “The silicon MOSFET from a transmission viewpoint,”
Superlattices and Microstructures, vol. 23, no. 3, pp. 771-780, 1998. (page [65)

Y. Naveh and K. Likharev, “Shrinking limits of silicon MOSFETs: numerical study of 10 nm scale

devices,” Superlattices and microstructures, vol. 27, no. 2, pp. 111-123, 2000. (page [G5)

L. Painton and J. Campbell, “Genetic algorithms in optimization of system reliability,” IFEE
Transactions on Reliability, vol. 44, no. 2, pp. 172-178, 1995. (page [65)

D. S. Atlas, “Atlas Users Manual,” Silvaco International Software, Santa Clara, CA, USA, 2008.
(pages 69 B9, BT}, B4 108, (116} [25] [L35)

Z. Ren, R. Venugopal, S. Goasguen, S. Datta, and M. S. Lundstrom, “nanoMOS 2.5: A two-

dimensional simulator for quantum transport in double-gate MOSFETSs,” IEEE Transactions on
Electron Deuvices, vol. 50, no. 9, pp. 1914-1925, 2003. (pages [69], ROl BT] [R5 891 @11 [04] O8]

S. Reggiani, E. Gnani, A. Gnudi, M. Rudan, and G. Baccarani, “Low-field electron mobility model
for ultrathin-body SOI and double-gate MOSFET's with extremely small silicon thicknesses,” IEFEE
Transactions on Electron Devices, vol. 54, no. 9, pp. 2204-2212, 2007. (pages [72, [74])

161



BIBLIOGRAPHY

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

D. Munteanu, J.-L. Autran, X. Loussier, S. Harrison, R. Cerutti, and T. Skotnicki, “Quantum

short-channel compact modelling of drain-current in double-gate MOSFET,” Solid-state electronics,

vol. 50, no. 4, pp. 680-686, 2006. (pages [(2], @9} 109 [TT0)

F. Lime, B. Iniguez, and O. Moldovan, “A quasi-two-dimensional compact drain-current model for
undoped symmetric double-gate MOSFET'S including short-channel effects,” IEEFE transactions on
electron devices, vol. 55, no. 6, pp. 1441-1448, 2008. (pages [[3] @3))

R. R. Yager and L. A. Zadeh, An introduction to fuzzy logic applications in intelligent systems.
Springer, 1992. (page [74))

S. Mishra, I. Sarma, and K. Swamy, “Performance evaluation of two fuzzy-logic-based homing

guidance schemes,” Journal of Guidance, Control, and Dynamics, vol. 17, no. 6, pp. 1389-1391,
1994. (page [7)

M. Esposito and G. De Pietro, “An ontology-based fuzzy decision support system for multiple
sclerosis,” Engineering Applications of Artificial Intelligence, vol. 24, no. 8, pp. 1340-1354, 2011.

(page [74)

T. Bendib, F. Djeffal, D. Arar, Z. Dibi, and A. Ferdi, “Fuzzy-logic-based approach to study the
electrons mobility in nanoscale Double Gate MOSFETSs,” in IOP Conference Series: Materials
Science and Engineering, vol. 41, no. 1. IOP Publishing, 2012, pp. 012016. (page [BTI)

T. Bendib, F. Djeffal, and D. Arar, “A compact charge-based model to study the nanoscale un-
doped double gate MOSFETSs for nanoelectronic circuit design using genetic algorithms,” Journal

of Semiconductors, vol. 34, no. 4, pp. 044003, 2013. (pages [BT] B3] 139])

F. Djeffal, Z. Dibi, M. Hafiane, and D. Arar, “Design and simulation of a nanoelectronic DG
MOSFET current source using artificial neural networks,” Materials Science and Engineering: C,

vol. 27, no. 5, pp. 1111-1116, 2007. (pages [B5] [I07)

F. Djeffal, T. Bendib, R. Benzid, and A. Benhaya, “An approach based on particle swarm compu-
tation to study the nanoscale DG MOSFET-based circuits,” Turk. J. Electron. Eng. Comput. Sci.

v18, pp. 1131-1140, 2010. (pages [B5] @3] 105
T. Bendib and F. Djeffal, “Multi-Objective-Based Approach to Optimize the Analog Electrical

Behavior of GSDG MOSFET: Application to Nanoscale Circuit Design,” in IJAENG Transactions
on Engineering Technologies. Springer, 2013, pp. 315-325. (page [R5

H. A. Elhamid and M. Deen, “Continuous current and surface potential models for undoped and
lightly doped double-gate metal-oxide-semiconductor field-effect transistors,” Journal of Applied
Physics, vol. 103, no. 11, pp. 114501, 2008. (page [B6))

162



BIBLIOGRAPHY

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

J. A. Lopez-Villanueva, P. Cartujo-Casinello, J. Banqueri, F. Gamiz, and S. Rodriguez, “Effects
of the inversion layer centroid on MOSFET behavior,” IEEE Transactions on Electron Devices,

vol. 44, no. 11, pp. 1915-1922, 1997. (page [6)

J. Roldan, A. Godoy, F. Gamiz, and M. Balaguer, “Modeling the centroid and the inversion charge
in cylindrical surrounding gate MOSFETSs, including quantum effects,” IEEE Transactions on
Electron Devices, vol. 55, no. 1, pp. 411-416, 2008. (page [B4l)

K. Atashkari, N. Nariman-Zadeh, A. Pilechi, A. Jamali, and X. Yao, “Thermodynamic pareto
optimization of turbojet engines using multi-objective genetic algorithms,” International Journal

of Thermal Sciences, vol. 44, no. 11, pp. 1061-1071, 2005. (pages R, O8] 06 [T06] [T39])

P.-C. Chang, J.-C. Hsieh, and C.-Y. Wang, “Adaptive multi-objective genetic algorithms for

scheduling of drilling operation in printed circuit board industry,” Applied soft computing, vol. 7,
no. 3, pp. 800-806, 2007. (pages 87, 05 @6 [@7] 06, 28] 126l 139)

F. Djeffal, M. Meguellati, and A. Benhaya, “A two-dimensional analytical analysis of subthreshold
behavior to study the scaling capability of nanoscale graded channel gate stack DG MOSFETs,”
Physica E: Low-Dimensional Systems and Nanostructures, vol. 41, no. 10, pp. 1872-1877, 2009.

(pages B8] B9 00 0T} B2 (T8 23 24

F. Djeffal, N. Lakhdar, M. Meguellati, and A. Benhaya, “Particle swarm optimization versus genetic
algorithms to study the electron mobility in wurtzite GaN-based devices,” Solid-State Electronics,

vol. 53, no. 9, pp. 988-992, 2009. (page [@5)

G. V. Reddy and M. J. Kumar, “A new dual-material double-gate (DMDG) nanoscale SOI
MOSFET-two-dimensional analytical modeling and simulation,” IEEE Transactions on Nanotech-

nology, vol. 4, no. 2, pp. 260-268, 2005. (pages [06]
[03)
A. Tsormpatzoglou, C. A. Dimitriadis, R. Clerc, Q. Rafhay, G. Pananakakis, and G. Ghibaudo,

“Semi-analytical modeling of short-channel effects in Si and Ge symmetrical double-gate MOS-

FETs,” IEEE Transactions on Electron Devices, vol. 54, no. 8, pp. 1943-1952, 2007.  (pages [06]
09 101} 07 109} I11] 123 I235)

T. Bendib and F. Djeffal, “Electrical performance optimization of nanoscale double-gate MOSFETs
using multiobjective genetic algorithms,” IEEE Transactions on Electron Devices, vol. 58, no. 11,

pp. 3743-3750, 2011. (page [I05)

Z. Ghoggali and F. Djeffal, “Analytical analysis of nanoscale fully depleted Double-Gate MOSFET's

including the hot-carrier degradation effects,” International Journal of Electronics, vol. 97, no. 2,

pp. 119-127, 2010. (pages [1035}, 107, T08)

163



BIBLIOGRAPHY

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

F. Djeffal, T. Bentrcia, M. A. Abdi, and T. Bendib, “Drain current model for undoped Gate Stack
Double Gate (GSDG) MOSFETS including the hot-carrier degradation effects,” Microelectronics
Reliability, vol. 51, no. 3, pp. 550-555, 2011. (page [105)

M. Marseguerra, E. Zio, and M. Cipollone, “Designing optimal degradation tests via multi-objective

genetic algorithms,” Reliability Engineering & System Safety, vol. 79, no. 1, pp. 87-94, 2003.
(page [I06)

B. Diagne, F. Prégaldiny, C. Lallement, J.-M. Sallese, and F. Krummenacher, “Explicit compact
model for symmetric double-gate MOSFETSs including solutions for small-geometry effects,” Solid-

State Electronics, vol. 52, no. 1, pp. 99-106, 2008. (page [I07)

A. Yesayan, F. Prégaldiny, N. Chevillon, C. Lallement, and J.-M. Sallese, “Physics-based com-
pact model for ultra-scaled FinFETs,” Solid-State Electronics, vol. 62, no. 1, pp. 165-173, 2011.

(page [I07)

Y. Leblebici and S.-M. Kang, “Modeling of nMOS transistors for simulation of hot-carrier-induced
device and circuit degradation,” IEEE Transactions on Computer-Aided Design of Integrated Cir-
cuits and Systems, vol. 11, no. 2, pp. 235-246, 1992. (pages 107

I08)

E. G. Ioannidis, A. Tsormpatzoglou, D. H. Tassis, C. A. Dimitriadis, G. Ghibaudo, and J. Jomaah,
“Effect of localized interface charge on the threshold voltage of short-channel undoped symmetrical

double-gate MOSFETSs,” IEEE Transactions on Electron Devices, vol. 58, no. 2, pp. 433-440, 2011.
(pages [107] O8]
S. Harrison, D. Munteanu, J. Autran, A. Cros, R. Cerutti, and T. Skotnicki, “Electrical character-

ization and modelling of high-performance SON DG MOSFETSs,” in Solid-State Device Research
conference, 2004. ESSDERC 2004. Proceeding of the 34th European. IEEE, 2004, pp. 373-376.

(pages [109] [IT0} [ITTI)

K. M. Cao, W. Liu, X. Jin, K. Vashanth, K. Green, J. Krick, T. Vrotsos, and C. Hu, “Modeling of
pocket implanted MOSFETSs for anomalous analog behavior,” in FElectron Devices Meeting, 1999.
IEDM’99. Technical Digest. International. TEEE, 1999, pp. 171-174. (pages [T} IT3))

M. Fadlallah, G. Ghibaudo, J. Jomaah, and M. Zoaeter, “Numerical simulation and modeling
of static characteristics and electrical noise in submicron MOS transistors,” in The 7th IEEFE

International Conference on Electronics, Circuits and Systems, 2000. ICECS 2000., vol. 2. TEEE,
2000, pp. 940-943. (page [IT1)

164



BIBLIOGRAPHY

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

182]

B. Ray and S. Mahapatra, “Modeling of channel potential and subthreshold slope of symmetric
double-gate transistor,” IEEFE Transactions on FElectron Devices, vol. 56, no. 2, pp. 260-266, 2009.

(page MI8)

K. K. Young, “Analysis of conduction in fully depleted SOI MOSFETs,” IEEE Transactions on
Electron Devices, vol. 36, no. 3, pp. 504-506, 1989. (pages [[21] 13T

A. Dey, A. Chakravorty, N. DasGupta, and A. DasGupta, “Analytical model of subthreshold current
and slope for asymmetric 4-T and 3-T double-gate MOSFETSs,” IEEE Transactions on Electron
Devices, vol. 55, no. 12, pp. 3442-3449, 2008. (page 123))

T. Murata, H. Ishibuchi, and H. Tanaka, “Multi-objective genetic algorithm and its applications
to flowshop scheduling,” Computers € Industrial Engineering, vol. 30, no. 4, pp. 957-968, 1996.

(page [[27))

S. Regnery, R. Thomas, P. Ehrhart, and R. Waser, “SrTa206 thin films for high-K dielectric
applications grown by chemical vapor deposition on different substrates,” Journal of applied physics,

vol. 97, no. 7, pp. 073521, 2005. (page [128))

C.-W. Lee, A. Afzalian, N. D. Akhavan, R. Yan, I. Ferain, and J.-P. Colinge, “Junctionless multigate
field-effect transistor,” Applied Physics Letters, vol. 94, no. 5, pp. 053511, 2009. (page [130)

C.-W. Lee, A. Borne, I. Ferain, A. Afzalian, R. Yan, N. D. Akhavan, P. Razavi, and J. Colinge,
“High-temperature performance of silicon junctionless MOSFETSs,” IEEE Transactions on Electron

Dewices, vol. 57, no. 3, pp. 620-625, 2010. (page [I30)

C.-J. Su, T.-I. Tsai, Y.-L. Liou, Z.-M. Lin, H.-C. Lin, and T.-S. Chao, “Gate-all-around junction-
less transistors with heavily doped polysilicon nanowire channels,” FElectron Device Letters, IEEFE,

vol. 32, no. 4, pp. 521-523, 2011. (page [I30)

J. P. Duarte, S.-J. Choi, D.-I. Moon, and Y.-K. Choi, “Simple analytical bulk current model for

long-channel double-gate junctionless transistors,” FElectron Device Letters, IEEFE, vol. 32, no. 6,

pp. 704-706, 2011. (page [[30)

E. Gnani, A. Gnudi, S. Reggiani, and G. Baccarani, “Theory of the junctionless nanowire FET,”
IEEFE Transactions on Electron Devices, vol. 58, no. 9, pp. 2903-2910, 2011. (page [I30))

E. Chebaki, F. Djeffal, and T. Bentrcia, “Two-dimensional numerical analysis of nanoscale junc-
tionless and conventional Double Gate MOSFETSs including the effect of interfacial traps,” physica
status solidi (c), vol. 9, no. 10-11, pp. 2041-2044, 2012. (page [I30))

165



BIBLIOGRAPHY 166

[183]

[184]

[185]

[186]

[187]

[188]

A. Kumar, J. Kedzierski, and S. E. Laux, “Quantum-based simulation analysis of scaling in ultra-

thin body device structures,” IFEE Transactions on Electron Devices, vol. 52, no. 4, pp. 614617,
2005. (page [I31)

T. Chiang, “A scaling theory for fully-depleted, surrounding-gate MOSFETSs: including effective
conducting path effect,” Microelectronic engineering, vol. 77, no. 2, pp. 175-183, 2005. (page [I33))

F. Djeffal, S. Guessasma, A. Benhaya, and M. Chahdi, “An analytical approach based on neural
computation to estimate the lifetime of deep submicron MOSFETSs,” Semiconductor science and

technology, vol. 20, no. 2, pp. 158, 2005. (page [I35)

F. Djeffal and T. Bendib, “Multi-objective genetic algorithms based approach to optimize the
electrical performances of the gate stack double gate (GSDG) MOSFET,” Microelectronics Journal,
vol. 42, no. 5, pp. 661-666, 2011. (page [135)

Z. Chen, Y. Xiao, M. Tang, Y. Xiong, J. Huang, J. Li, X. Gu, and Y. Zhou, “Surface-potential-based
drain current model for long-channel junctionless double-gate MOSFETSs,” IEEE Transactions on

Electron Devices, vol. 59, no. 12, pp. 3292-3298, 2012. (page [135)

M. Meguellati, F. Djeffal, D. Arar, F. Douak, and L. Khettache, “New RADFET Dosimeter Design

For Radioactive Environment Monitoring Applications.” Engineering Letters, vol. 20, no. 4, 2012.

(page [[39)



	Contents
	List of Tables
	List of Figures
	List of Algorithms
	1 Introduction and Dissertation Overview
	1.1 Introduction to CMOS scaling
	1.2 Multi-Gate MOSFETs for Nano-Scaled ICs
	1.2.1 Multi-Gate MOSFETs: Structures and advantages
	1.2.2 Double-Gate MOSFETs: Structures and Advantages 
	1.2.3 Advantages of Gate All Around MOSFETs

	1.3 Compact modeling: State of the art
	1.3.1 Overview of compact modeling of Bulk MOSFETs
	1.3.2 Overview of compact modeling of Multigate MOSFETs
	1.3.2.1 Double-Gate MOSFETs
	1.3.2.2 Gate All Around MOSFETs


	1.4 Outline of the thesis and contributions

	2 Soft Computing based methods
	2.1 Introduction to the soft computing
	2.2 Soft computing coupled with optimization based modeling
	2.3 Genetic algorithm
	2.3.1 Principal concept
	2.3.2 Representation
	2.3.3 Evaluating fitness 
	2.3.4 Selection schemes 
	2.3.5 Crossover operators
	2.3.6 Mutation operators
	2.3.7 Replacement operators
	2.3.8 Convergence criteria

	2.4 Multiobjective genetic algorithm
	2.4.1 Aggregation approach-based optimization
	2.4.1.1 Cost Function using Weighted-Sum approach

	2.4.2 Pareto front optimization
	2.4.2.1 Non-dominated sorting
	2.4.2.2 Crowding distance computation


	2.5 Fuzzy logic
	2.5.1 Principal concept
	2.5.2 Fuzzy set and Membership functions
	2.5.3 Fuzzy logic rules
	2.5.4 Fuzzy system controller
	2.5.4.1 Fuzzification interface
	2.5.4.2 Fuzzy interface inference
	2.5.4.3 Defuzzification interface


	2.6 Application of soft computing in modeling of nanoscale CMOS devices

	3 Compact modeling of drain current model including quantum effects in nanoscale DG MOSFET
	3.1 Introduction
	3.2 Quantum inversion charge model
	3.3 Quantum correction using Genetic Algorithm
	3.3.1 DG MOSFET: Design description
	3.3.2 Drain current model
	3.3.3 Modeling methodology
	3.3.4 Results and discussion

	3.4 Implementation of the quantum effects in the compact drain current model
	3.5 Electron mobility model using Fuzzy logic computation
	3.5.1 Modeling methodology
	3.5.2 Results and discussion
	3.5.3 Comparison between modeling approaches

	3.6 Sammary

	4 Design and optimization of DGMOSFETs for nanoscale circuit applications
	4.1 Introduction
	4.2 Electrical parameters of nanoscale DG MOSFET
	4.2.1 Design description of nanoscale DG MOSFET
	4.2.2 Model formulation of nanoscale DG MOSFET
	4.2.2.1 Subthreshold current
	4.2.2.2 Subthreshold swing factor
	4.2.2.3 Threshold voltage roll-off and DIBL
	4.2.2.4 Transconductance and output conductance


	4.3 MOGA-based optimization
	4.3.1 Computation methodology
	4.3.2 Results and discussion
	4.3.3 Impact on nanoscale circuits design

	4.4 Summary

	5 Modeling and optimization of subthreshold behavior for nanoscale multigate MOSFETs
	5.1 Introduction
	5.2 Double Gate MOSFETs including free carrier and interfacial traps effect
	5.2.1 Description of the studied structure
	5.2.2 Model formulation
	5.2.3 Results and discussion

	5.3 Gradual Channel Gate Stack DG MOSFETs
	5.3.1 Description of the studied structure
	5.3.2 Model formulation
	5.3.3 Miltiobjective-based optimization
	5.3.4 Computation methodology
	5.3.5 Results and discussion

	5.4 Junctionless Gate All Around MOSFETs
	5.4.1 Description of the studied structure
	5.4.2 Model formulation
	5.4.3 Results and discussion
	5.4.4 Scaling capability
	5.4.5 Multiobjective-based optimization
	5.4.6 Impact on nanoscale subthreshold circuit design

	5.5 Sammary

	6 Conclusions and Future Research
	6.1 Contributions and conclusion
	6.2 Suggestions for future work

	Bibliography



